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Die beispiellose Perfektion in räumlicher Struktur und daher biochemischer 
Wirksamkeit von Proteinen beruht auf kontrollierter intramolekularer 
Wechselwirkung von Polypeptidketten. Die Nachahmung des intramolekularen 
Kollapses linearer Polymere zu verdichteten Single Chain Nanoparticles (SCNPs) im 
sub-30-Nanometer-Bereich entwickelte sich zu einem prosperierenden Feld in der 
Polymerchemie. Bis heute existiert noch kein tiefgreifendes Verständnis dieses 
Faltungsvorganges, welches jedoch dringend erforderlich ist, um das Potenzial der 
vielseitigen Synthesestrategien für zukünftige Anwendungen von SCNPs 
auszuschöpfen. Daher konzentrierte sich die vorliegende Arbeit auf die eingehende 
Untersuchung der SCNP-Faltung mittels effizienter intramolekularer Ligation via 
para-Fluor-Thiol-Reaktion (PFTR). Die PFTR wurde anschließend auf Licht-
getriggerte Wege realisiert, welche in der makromolekularen Chemie von 
allgemeinem Nutzen sind. 
Der erste Teil der vorgestellten Arbeit konzentriert sich auf die umfassende Analyse 
der SCNP-Faltung und den damit verbundenen physikochemischen Veränderungen, 
die mit der intramolekularen PFTR-Ligation einer Vorläuferbibliothek einhergehen. 
Die Polymere der Bibliothek wurden systematisch in ihrer reaktiven Gruppendichte 
(5, 15 und 30 mol%) und der absoluten Molmasse (20, 50, 100 kDa) modifiziert, um 
Einflüsse beider Faktoren hinsichtlich der Topologie, der Größe und der Konformation 
der kollabierten SCNPs zu untersuchen. Der Umsatz der PFTR an den statistisch 
verteilten Pentafluorbenzyl (PFB) Einheiten der SCNP-Vorläuferbibliothek wurde 
mittels sensitiver 19F-NMR-Spektroskopie quantifiziert. In Abhängigkeit der 
Strukturmerkmale der Vorläuferbibliothek wurde eine umfassende Analyse der 
physikochemischen Veränderungen durch eine bisher einzigartige Kombination von 
Kleinwinkel-Neutronenstreuung (SANS), 19F-NMR-Spektroskopie und SEC mit 
Vierfachdetektion (SEC-4D) durchgeführt. Der Einsatz von komplementären 
Analysetechniken ermöglichte eine fundierte Untersuchung des Polymerknäuel-
Kollapses jenseits der gegenwärtigen methodischen Grenzen konventionell 
angewendeter Lichtstreutechniken durch zusätzliche Anwendung von Viskometrie 
und Kleinwinkel-Neutronenstreuung. Letztere zeigte durch ihr hohes räumliches 
Auflösungsvermögen einen Einblick auf die Segmenteigenschaften der polymeren 
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Nanopartikel. Die morphologische Transformation von linearen Vorläufer-Polymeren 
zu verdichteten SCNP wurde vergleichend über die reaktive Gruppendichte evaluiert. 
Die Größenreduktion zu SCNPs ist bei einer reaktiven Gruppendichte von 30 Mol-% 
maximal, aber unter 5% kaum effektiv. Innerhalb dieser Grenzen ist eine sub-
Kontrolle der Kontraktion durch die Variation der Molmasse möglich, wobei sehr 
kurze Vorläuferketten (20 kDa) die Grenze des noch möglichen 
Konformationswandels in schlechtem Lösungsmittel anzeigen.  
Weiterhin wurde erstmalig die erfolgreiche Fraktionierung der SCNP-Bibliothek 
mittels asymmetrischer Flussfeld-Flussfraktionierung (AF4) demonstriert, die mit 
einer neuartigen Kopplung zu Fünffach-Detektion (AF4-D5) mit organischem 
Eluenten angewendet wurde. Die Ergebnisse der Fraktionierung bestätigten die SCNP-
Bildung durch das charakteristisch veränderte Elutionsverhalten des SCNP im 
Vergleich zum linearen Ausgangsmaterial, welches mit einer Verringerung des 
hydrodynamischen Volumens durch den Faltungsprozess zu erklären ist. Die Analyse 
mittels komplementärer, konventioneller Technik der säulenbasierten 
Chromatographie (SEC-D4) im gleichen Lösungsmittel zeigte dementsprechende 
Trends, was den hydrodynamischen Kollaps weiter validiert und eine vergleichende 
Bewertung der Trennleistung beider Separationstechniken ermöglichte. Modernste 
Vielfach-Detektion ermöglichte an beiden Separationstechniken (SEC und AF4) eine 
simultane und damit hocheffiziente Analyse. Dabei zeigte die AF4-basierte Separation 
eine teilweise verbesserte Trennung im Vergleich zur SEC. Die Vor- und Nachteile 
beider Techniken sowie instrumentelle Überlegungen wurden eingehend diskutiert. 
Die durch die Multidetektorkopplung erhaltenen Molmassenmomente, 
Größenparameter und vielseitige Deskriptoren der Kettenmorphologie der Fraktionen 
von beiden Seperationsmechanismen ermöglichten die umfassende Beschreibung der 
strukturellen Veränderungen während des Faltungprozesses. Diese Datensätze wurden 
mit den Ergebnissen der Neutronenstreuungsexperimente (SANS) und der Struktur der 
Vorläuferpolymere zu einem detaillierten Bild der Einflüsse des Faltungsprozesses 
korreliert. Die UV/Vis-basierte Quantifizierung des PFB-ligierten Dithiol-Vernetzers 
als Funktion des hydrodynamischen Volumens der SCNPs untermauerten zusätzlich 
die gewonnenen Erkenntnisse über die Struktur-Eigenschaft Beziehungen. 
Schließlich wurde die PFTR Ligation auf Licht-getriggerte Prozesse übertragen, 
welche für das breite Gebiet der Polymerchemie von Nutzen sind.  Die effektive 
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PFTR-aktivierende Base 1,8-Diazabicyclo [5.4.0] undec-7-en (DBU) wurde unter 
Verwendung von mittels blauem Licht getriggertem Photobase-Generator (PBG) 
effektiv freigesetzt. In der Untersuchung eines Modellsystems mit kleinen Molekülen 
wurde hohe Gruppentoleranz festgestellt und die lichtinduzierte PFTR ermöglichte die 
Pfropfung verschiedener Thiole an lineares Poly (styrol-co-pentafluorstyrol) in 
organischem Lösungsmittel (THF). Die zeitliche Kontrolle wurde durch zeitaufgelöste 
Rheologie-Experimente während Netzwerkerzeugung via Licht-induzierter PFTR 
validiert. 
Zusammenfassend stellt die aktuelle Arbeit einen konzeptionellen Rahmen für 
SCNP-Design anhand genereller Paradigmen des Kettenkollapses bereit. 
Empfehlungen für kohärente Parameter zur Beschreibung des SCNP-Kettenkollapses 
wurden herausgearbeitet, die den Aufbau einer vielversprechenden Plattform für 
weitere, fortschrittliche SCNP-Forschung sind. Der Umfang geeigneter Methoden zur 
SCNP-Charakterisierung wurde auf Feldfluss-basierte Trenntechniken erweitert. 
Schließlich wurden licht-getriggerte Reaktionskaskaden der PFTR implementiert und 





Enzymes are outstanding in their perfect 3D design through mastery of intrachain 
interaction of polypeptide chains. Seeking to mimic nature’s precision, a vibrant field 
in macromolecular science replicates natures pattern by the intrachain collapse of 
synthetic linear polymers to Single Chain Nano Particles (SCNPs) in the sub 30 
nanometer realm. An in-depth understanding of the paradigms of intrachain collapse 
are largely missing, but urgently needed to exploit the potential of the versatile 
synthetic strategies for future applications. Therefore, present thesis focused on the in-
depth investigation of SCNPs folding, performed via a powerful ligation strategy, e.g. 
the para-fluoro-thiol reaction (PFTR). The ligation reaction was subsequently 
transferred to light-triggered pathways with general utility in macromolecular science. 
The first part of the presented work focuses on the physicochemical transformations 
entailed in the intrachain-collapse of a pentafluorobenzyl (PFB) decorated SCNP 
precursor library. Statistically distributed PFB moieties enabled the implementation of 
powerful PFTR and thus, exploitation of sensitive 19F NMR spectroscopy. The 
precursor library was systematically modified in its reactive group density (5, 15, and 
30 mol% PFB) and the absolute molar mass (20, 50, 100 kDa), enabling a screening 
of both impacts regarding the topology, the size and the conformation of the collapsed 
SCNPs. In function of these structural features, a comprehensive investigation was 
performed by a unique combination of small-angle neutron scattering (SANS), 19F 
NMR spectroscopy, and quadruple detection SEC (SEC-4D). Thus, parallel data 
evaluation from techniques with complementary physical principles was performed. 
In addition to detailed morphological insights, the primary factor dictating the 
compaction of SCNPs was determined by the reactive group density. The most 
effective and ineffective folding was found at ca. 30 mol% and below 5% reactive 
group density, respectively. Within these limits, the contraction can be fine-tuned by 
the molar mass, where very short precursor chains (20 kDa) indicated limits of 
conformational changes in in poor solvents. 
Unlocking the potential of flow-based separation techniques for the SCNP area, the 
current work demonstrated the successful fractionation of the SCNP library via 
asymmetrical flow field flow fractionation hyphenated to novel quintuple detection 
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(AF4-D5) in organic solvents. Herein, SCNP formation was evidenced by a shift 
towards lower elution volumes for the SCNP respective the linear starting material, 
associated with the decrease of the hydrodynamic volume upon folding. The analysis 
using the complementary, conventional technique of column-based chromatography 
(SEC-D4) in the same solvent showed corresponding trends, which further validated 
the hydrodynamic collapse and enabled a comparative assessment of the separation 
performance of both separation techniques. The efficiency of SEC-D4 was compared 
to AF4-D5 in versatile foci, as the state-of the art detector coupling was applied to both 
advanced separation principles. The sophisticated detection provided an information 
rich data-library, refining the analysis of the structural changes affected by the internal 
folding process. An in-depth critical comparison of the derived sophisticated dataset 
was established and the advantages and limitations of both techniques, including 
instrumental considerations, were emphasized. The UV/Vis-based quantification of 
the PFB-ligated dithiol crosslinker as a function of the SCNPs hydrodynamic volume 
was highlighted. The comparison of the obtained molar mass moments, different types 
of radii and versatile descriptors of chain morphology validated the results obtained 
from neutron scattering experiments (SANS). 
Finally, the PFTR was transferred to light-triggered pathways with utility for the broad 
field of polymer chemistry. Using blue light irradiation, a photobase generator (PBG) 
effectively released the PFTR-activating superbase 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU). After a model investigation with small molecules under high group 
tolerance, the light-induced PFTR enabled to graft versatile thiols on linear 
poly(styrene-co-pentafluorostyrene) copolymers in organic solvent (THF). Temporal 
control of the light-triggered PFTR was validated by time-resolved rheology 
experiments during network formation via light-induced PFTR. 
In summary, the current thesis provides a conceptual framework for SCNP 
design, based on the in-depth investigation of the paradigms dictating the intrachain 
collapse. Coherent parameters for a comparable platform of the description of the 
SCNP chain collapse were recommended. The scope of advanced methodologies for 
SCNP characterization was expanded to advanced flow-based separation techniques. 
Finally, light-triggered pathways of the PFTR were implemented and its utility for 
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Chapter 1: Introduction 
1.1 CONTEXTUALIZATION AND MOTIVATION 
Natural macromolecules such as proteins exhibit the key biochemical functions as 
enzymes, hormones or catalysts, the reactors of earth life. Their function is coded in a 
defined 3D microstructure of impressive complexity and precision, which in turn 
resides in accurate intramolecular folding of the polypeptide chains. Protein 
misfolding induces structural defects, possibly effecting biochemical adversity with 
detrimental effects like intoxication and protein misfolding disease.1 One well-known 
example is the misfolding of polyglutamine, which can lead to Huntington's disease.2,3  
Single-Chain Polymer Nanoparticles (SCNPs) design is a vivid discipline of 
macromolecular chemistry, which seeks to mimic precision polymer archetypes from 
nature. In analogy to proteins, SCNPs are designed via intramolecular chain collapse 
from a synthetic linear polymer precursor. SCNPs emerged as candidates for almost 
all conceivable applications in the fields of catalysis,4–6 microelectronics,7 nano-
medicine,8 DNA delivery systems,9 sensors,8 or imaging agents.10  Comparing them to 
competing artificial nanocontainers of similar field of application, the unique single-
chain character emerged as a promising compromise between structurally complex 
macro-constructs like polymerases and micelles or synthetically delicate dendrimers. 
SCNP synthesis is generally encompassed by a polymerization step and a post 
polymerization modification, coined folding reaction, which leads to intramolecular 
chain collapse. Modern controlled polymerization techniques are suitable to generate 
narrowly distributed precursor material of defined functional group decoration. The 
composition of the precursor sets the number of possible crosslinking moieties and 
hence, determines the microstructure of the obtained SCNPs. More precisely, the 
precursor design tunes the lengths of intra-chain loops of the folded SCNPs, 
resembling the obtained density on macromolecular scale. The subsequent folding 
reaction facilitates the modification of almost all conceivable parameters according the 
folding strategy. A wide portfolio of reaction mechanisms to transform linear precursor 
via intramolecular ligation into denser SCNPs evolved to date. The pathways to trigger 
the bond formation (e.g. thermally or photo-induced) are versatile as the choice of 
ligation reactions in modern organic synthesis are. Importantly, any SCNP synthesis 
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requires high dilution below the chain-chain overlap concentration c* to mitigate 
intermolecular cross-linking reactions or avoid the generation of multi-chain side 
products, respectively. Herein, covalent or non-covalent (e.g. dynamic) character of 
linkages can be achieved via external crosslinker approach or chain-pendant group 
ligation. The distribution of functional groups along the precursor chain is useful to 
categorize folding methodologies. The ‘selective point folding’ methodology has been 
widely employed by Barner-Kowollik’s team and focuses on more precise cavity 
design by sequence controlled SCNPs, which possess intentionally ordered monomer 
units.11 The strategy of a random distribution of the functional groups, and thus almost 
arbitrarily formation of intrachain ligation, is synthetically less demanding. Important 
variables for loop-formation of this ‘repeat unit folding’ approach are physical 
constraints like the chain stiffness, the solvent conditions and the ligation density. 
However, the diversity of synthetic pathways does not assist for deriving general 
structure property relationships, which are essential for the tailored design of SCNPs 
suitable for future applications. The general validation of the chain collapse by the 
change in size- or morphology pushes available analytic techniques to their physical 
limits, as the relative size change upon folding to SCNPs takes place in the sub 20 nm 
size realm.12 Considering this fundamental obstacle, the lack of convincing examples 
for economic application in industry comes not as a surprise. Representative and 
reliable in-depth analytic protocols to generate guidelines for any SCNP design are of 
prevailing interest. In-depth analysis is meant to go beyond physical limitations of 
standard techniques, provides absolute measures of size and molar mass moments 
(resembling chain lengths) and should include orthogonal physical concepts. To 
establish guidelines for any SCNP design, statistical parameters affecting the SCNP 
structure should be screened for their impact by application of complementary and 
accurate analytic techniques.  
To date, most guidelines for general SCNP design are based on theoretical 
calculations. Experimental essays about structure property relationship for SCNP 
material are often limited to a specific SCNP design or suffer from limited variation 
of chain-collapse affecting parameters, and thus cannot deliver universal results. 
Furthermore, effective thermal ligation protocols for SCNP formation often lack in 




This work presents the application of powerful and novel analytical essays of 
complementary physical principles, applied to a systematically modified SCNP library 
in molar mass and ligation density, and hence providing representative structure 
property relationship for SCNP science. Moreover, valuable tools elsewise used for 
protein fractionation and the evaluation of protein unfolding are introduced to SCNPs 
science, creating valuable contribution of soft matter analysis. Furthermore, the 
effective ligation reaction is transferred to photo-triggered pathways, and thus of utility 




1.2 THESIS OUTLINE 
This study focuses on a representative in-depth investigation of the folding behavior 
of a model SCNP library, modified in chain length and functional group decoration, to 
derive guidelines for any SCNP design. The research output in this thesis is split into 
5 chapters. Chapter 1 is inspired from a published review (see in “Research Output"), 
whereas chapters 3 – 5 are presented as journal articles satisfying the conditions for 
the submission of a Thesis by Publication.  
 
Figure 1. The current thesis focuses on the in-depth investigation of the folding behavior of 
Single-Chain Polymer Nanoparticles (SCNPs). The core-chapter 3 explores the synthesis 
of a SCNP library of systematically modified polymer structure (beaker glass). Advanced 
characterization enables to derive comprehensive structure property relationships this 
SCNP library. Chapter 4 expands the scope of advanced methodologies for SCNP 
characterization to the Asymmetrical Flow Field Flow Fractionation (AF4) technique. 
Chapter 5 expands the feasibility of the employed ligation reaction for SCNP folding to 
blue-light triggered pathways. 
The chapter 3 entitled “An In-Depth Analysis Approach Enabling Precision Single 
Chain Nanoparticle Design” (Figure 1, top left) focuses on the synthesis of a SCNP 
library and its characterization with advanced liquid chromatography and in-batch 
neutron scattering techniques. 
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Chapter 3 opens with a synthetic part about the synthesis of suitable SCNPs regarding 
defined chain length and ligation density (LD). Acrylate-based SCNPs containing 
pentafluorobenzyl (PFB) moieties are synthesized via a two-step approach of 
polymerization (precursor synthesis) and post polymerization modification (folding 
reaction). The reversible addition-fragmentation chain transfer (RAFT) technique 
enables a good control over the chain lengths and reactive group concentration of PFB 
moieties of the precursor. Three defined chain lengths (absolute molar masses of ca. 
20, 50, and 100 kDa), which are in turn modified with respect to the molar amount of 
reactive PFB moieties to 5, 15, and 30 mol%, are obtained. Regioselective and high 
yielding para-fluoro thiol reaction (PFTR) enables intramolecular, covalent ligation 
between an external dithiol crosslinker and statistically distributed PFB moieties along 
the precursor chain. The external crosslinker approach takes in account the 
incompatibility of thiol functional groups with the employed polymerization 
technique. Characterization of the libraries via size exclusion chromatography coupled 
to quintuple detection (SEC-D4) enables the determination of their homogeneity, 
different radii, and their absolute molar mass moments. 
In order to obtain absolute chain composition of the linear polymer and SCNP libraries, 
composition related constants need to be determined. The obtained low optical contrast 
is critical for molar mass determination or chain composition, respectively. A 
calculation procedure is established to deduce reliable refractive index increments 
(dn/dc) for any %PFB for the precursor, and for any amount of incorporated 
crosslinker of the corresponding SCNPs, respectively. Obtained reliable dn/dc´s 
facilitate the absolute molar mass determination via online light scattering technique. 
The absolute molar mass and the relative chain composition, derived via 1H NMR 
spectroscopy, enables the calculation of the absolute chain composition. 19F NMR 
spectroscopy is employed for a sensitive trace of conversion at the pendant PFB groups 
via PFTR, and therefore the quantification of the incorporated crosslinker moieties. 
Based on the obtained chain composition, an in-depth analytic study about the 
structure-property relationship of SCNPs is performed. The conjunct application of 
absolute size characterization via light and neutron scattering techniques proves as a 
valuable tool to unravel the size and topology of the polymer library. On the one hand, 
information about the size (radius of gyration, Rg) and the shape (scaling factor ) of 
theoretically isolated polymers are derived from their neutron scattering behavior by 
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full ZIMM analysis and the evaluation of the true form factor P(q). On the other hand, 
the Rg and  from approximately monodisperse polymer fractions are derived via 
online multi-angle light scattering technique (SEC-MALS). High agreement of 
obtained dimensions is obtained, either characterized in batch by SANS technique or 
analyzed via online SEC-MALS. The coincidence of obtained sizes in the sub 15 nm 
radius realm confirms the control of applied polymerization techniques and 
consolidates the homogeneity of the SCNP material.  
Excellent data quality of online viscometry detection (SEC-VS) shows superiority to 
light scattering techniques for the analysis of samples with isotropic or 
isorefractometric features. In contrast, online quasi elastic light scattering (SEC-
QELS) detection is clearly pushed to limits for hydrodynamic size determination. 
Rheology-based conformation analysis confirms the trends indicated in the scaling 
factor , spanning Gaussian chain conformation of the linear precursor to sphere-like 
topology of the tightly crosslinked SCNPs. Similarly, globular-like particles of high 
segment density are indicated by manual Kratky plots. The densification upon folding 
follows clearly the extend of internal chain ligation graduation, hence revealing the 
direct correlation of chain composition and morphology. In this context, the long-time 
folding strategy under poor solvent conditions shows efficiency regarding maximal 
chain collapse. Detailed information about the physicochemical properties is 
facilitated by fitting of the experimental scattering curves to model form factors, 
showing agreement of manual- and software-based data evaluation. Observed 
flexibility of the precursor chains corresponds to the literature data of comparable 
polymer-solvent systems.13 Suitable parameters for the description of the topology of 
SCNPs are suggested and correlated to conventional ones. 
The chapter 4 titled “A critical assessment of the application of multi-detection 
SEC and AF4 for the separation of single chain nanoparticles” implements advanced 
tools of fractionation for SCNP characterization (Figure 1, bottom left). 
Both, the use of an organic eluent for Asymmetrical Flow Field Flow Fractionation 
(AF4) technique and its hyphenation to pressure sensitive online viscometry is 
introduced. The same multiple detector set-up as used for SEC is coupled to the size-
separating flow channel, aiding a comparing assessment of separation-quality between 
AF4 and SEC. The data quality, the separation power and the results like molar mass 
moments and polymer radii are extensively compared to data obtained from SEC. An 
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isocratic flow-profile was optimized for the middle size samples and applied to all 
samples for sake of comparability. Hence, comparable data for all samples are 
obtained, enabling successful fractionation of the complete polymer library. Online 
UV/Vis detection monitored quantitatively the incorporated crosslinker, 
complementing the approach of the absolute chain composition.  
Chapter 5 (Figure 1, top right) focuses on the photochemical control of the 
regioselective PFTR ligation, as it was observed that a strong initiating base can be 
caged by a photobase generator (PBG). The tailored structure of a thioxanthone-PBG 
enabled the fast initiation of the PFTR upon illumination with blue light ( = 420 nm) 
in organic solvent. The strong base DBU was released upon photodecarboxylation, 
generating thiolates in solution ready for PFTR reaction. This PBG approach was 
exploited for the generation of thiol-grafted PFB-copolymers, which showed sensitive 
change of physicochemical properties with respect to the thiol structure. The 
contemplation of a photo triggered PFTR reaction is a novelty to date. This work was 
performed in close collaboration with Dr. Vinh Truong. 
In summary, controlled linear chain synthesis followed by selective and high 
yielding intra-chain collapse enable the design of a polymer library with low 
dispersity. The key structure-features of the polymer library, namely the ligation 
density (LD) and the chain length, were correlated to the physicochemical properties 
of corresponding SCNPs via in-depth analytical essay. The modification of the LD 
shows consistent trends for the topology of the SCNPs for all three chain lengths 
(20kDa, 50kDa, 100kDa), revealing paradigms for systematic SCNP design. The 
primary impact of the chain collapse was the LD between 5 mol% and 30 mol%. The 
employed strategy of long-time folding under poor solvent conditions showed efficacy 
in means of maximal chain collapse. The pioneering work of SCNP characterization 
via flow field indicates pitfalls and assets of this technique, serving as a practical guide 
for advanced future analysis of SCNPs. Light-induced PFTR reactions were 
established by photo-uncaging of a strong base. A thioxanthone-based photosensitiser 
triggered the PFTR reaction effectively by visible light irradiation in organic solvent. 
The utility of this fast and Vis-light triggered PFTR under temporal control was 
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Chapter 2: Fundamentals and Literature 
Review 
 
The current chapter develops a conceptual framework for the generation of the 
research question. It begins with an inspection of the fundamentals of polymer 
chemistry (chapter 2.1) and photochemistry. Further, the chapter introduces pertinent 
background on the analytical techniques including (NMR) spectroscopy, viscometry, 
light scattering techniques and small-angle neutron scattering critical for the 
understanding of the current thesis. Subsequently, the current state of research relevant 
for this work is discussed in the literature review. After general remarks on SCNPs 
(chapter 2.4), a focus is placed on the synthesis (chapter 2.4.3) and the general analysis 
(chapter 2.4.3) of SCNPs, where size-dependent online methods (chapter 2.4.4) are 
examined separately from the offline tools of their characterization (chapter 2.4.5) in 
significant detail. After an introduction of fluorinated organic material, the para-fluoro 
thiol reaction (PFTR chapter 2.5) is introduced as the key reaction of this work. 
Finally, chapter 2.6 introduces the synthetic strategies upon thermal and light-induced 
activation, supporting the arguments of the study focus. 
2.1 FUNDAMENTALS 
2.1.1 Introduction to of Polymer Chemistry 
The current chapter discusses modern polymerization techniques with relevance for 
single-chain nanoparticle (SCNP) design, e.g. reversible-deactivation radical 
polymerization (RDRP). After an introduction to general polymerization, the 
mechanistic background of the polymerization techniques employed in this thesis are 
elucidated. 
Polymers are molecules of high molecular weight, constructed of multiple repetition 
units of low molecular weight.14 Polymerization, from the Greek “poly” and “meros”, 
describes the process of formation of large molecules from sub-units, also called 
monomers. The number of linked monomers determines the degree of polymerization 
(DP) or the molecular weight (MW) of the obtained polymer, respectively. The 
molecular weight essentially impacts the physicochemical properties of the polymer. 
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Polymers of a shorter chain length are called oligomers, where a small change in the 
number of units already causes a significant change in the properties.14 A 
polymerization experiment leads to a statistical distribution of molar masses, the 
molecular weight dispersity Đ. The synthesis of polymers with Ð = 1 (uniform 
polymer) is very challenging with conventional synthetic protocols, but present in 
nature (e.g. polypeptides). The number and weight average molecular weights, Mn and 
Mw (often obtained by concentration and angular dependent scattering experiments), 
respectively, are used to determine Đ as follows. 
            𝑀𝑛 =
∑𝑛𝑖𝑀𝑖
∑𝑛𝑖








where ni describes the number of molecules i and the Mi is the corresponding molecular 
weight. The two types of polymerization are addition (or chain-growth) 
polymerization and condensation (or step-growth) polymerization.15 On the one hand, 
addition polymerization yields one saturated polymer as a product  from the reaction 
between generally unsaturated monomers. On the other hand, in condensation 
polymerization, the functional groups of two monomers react and release by-products, 
such as water or ammonia. Therefore, the monomer is reacting very rapidly to form 
dimers, trimers, and oligomers. The DP, thus, slowly increases during the 
polymerization (Figure 2). Polymers obtained by condensation constitute the most 
abundant polymers in nature, including polypeptides (e.g. proteins) or cellulose. The 
most commonly used step-growth polymers in industry are polyamides, polyurethane, 
or polyamines. 
 
Figure 2. Chain growth and step growth, the fundamental categories of polymerization, 
significantly differ in the increase of molecular weight (MW) for a given conversion. 
Chain-growth polymerization includes the steps of initiation, propagation, and 
termination. An additional step of chain transfer may occur, leading to lower molecular 
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weight of the final polymer. The monomer is reacting steadily during the 
polymerization, with DP increasing to its maximum value after an infinitesimal small 
time interval (Figure 2). The active center of chain-growth polymerization can be 
anionic, cationic, or radical in character. Anionic chain polymerization is limited for 
large scale applications due to requirement of stringent reaction conditions. To design 
a polymer with a carbon-carbon backbone, as required for the linear precursors in the 
current work, radical chain growth polymerization is the method of choice. Here, an 
initiator fragment induces repetitive chain growth with a monomer of the same 
functionality. The chain reaction occurs exclusively between the monomer and active 
site on the polymer chain. Each step of polymer chain growth proceeds under 
regeneration of the active chain end. The Free Radical Polymerization (FRP) is one of 
the most versatile classes of chain-growth polymerizations, where radicals react with 
unsaturated molecules. FRP polymerization can initiated by thermal decomposition of 
azobisisobutyronitrile (AIBN) in to two radicals (Figure 3, a). The polymerization is 
propagated by the addition of monomers, yielding a growing macro radical (Figure 3 
b, c). 
 
Figure 3. Thermal decomposition (a) of the initiator AIBN forming radicals, which react in 
turn with monomers (b) to form a growing chain (c) governed by the rate coefficient of 
propagation kp.  
The polymerization rate p can be described by the rate coefficient of polymerization 
(kp), concentration of the monomer [M] and the concentration of radicals [R
•]. 
𝑣𝑃 = 𝑘𝑃[𝑀][𝑅 ∙] (2) 
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Chain growth is terminated by radical recombination (Figure 4, d) or 
disproportionation (Figure 4, e) of propagating chains, which can be described by the 
rate coefficient of termination (kt). 
 
Figure 4. The recombination and the disproportionation as possible termination reactions. 
The reaction rate of termination t can be described according to the polymerization 
rate by the rate constant of termination (kt) and concentration of radicals [R
•]. 
𝑣𝑡 = 2𝑘𝑡[𝑅 ∙]
2
 (3) 
FRP tolerates versatile functional groups due to the unspecific character of radical 
species.16 Thus, the radical mechanism of chain polymerization is suitable for the 
polymer synthesis of everyday life commodities, e.g. polyvinyl chloride (PVC), 
polymethyl methacrylate (PMMA) or polyethylene (PE).17 
2.1.1.1 Reversible Deactivation Radical Polymerization (RDRP) 
The previous section introduced the chain polymerization as a fundamental concept. 
Independent of the mechanistic character of the RDRP method, the key steps of chain 
polymerization are the chain initiation (a chain carrier is generated by radical 
generation from a precursor molecule) and chain propagation (monomers are added to 
the polymer chain). Chain transfer is a side reaction in radical and ionic 
polymerization, where the active center of a polymer is terminated by transferring 
species, forming a new short propagation chain. The other chain propagates instead at 
the location of the cleaved atom. In contrast to this shift of the active center from one 
chain to another chain, chain termination leads to the disappearance of the chain 
activity. Both termination and chain transfer are side reactions, which lead to a higher 
molecular weight dispersity Đ of the polymers. Controlling chain termination during 
radical polymerization is often accomplished via reversible-deactivation radical 
polymerization (RDRP), leading to a pseudo-living character.18 In any case, the chain 
termination reaction between two radicals is an inevitable event, making the use of the 
frequently employed term “living polymerization” inappropriate. Examples of RDRP 
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are  atom transfer radical polymerization (ATRP),19 nitroxide-mediated radical 
polymerization (NMP)20 and reversible addition−fragmentation chain transfer 
(RAFT)18 polymerization. In an ideal RDRP reaction, chain stopping events are 
suppressed or insignificant and solely an equilibrium between the active radical and 
the so-called “dormant species” is present.21 To elucidate how the control of for RDRP 
via dormant species is achieved, the following section exemplifies the mechanism for 
the RAFT technique. 
2.1.1.2 Reversible Addition−Fragmentation Chain Transfer Polymerization  
The reversible addition-fragmentation chain transfer (RAFT) polymerization is a 
highly versatile RDRP techniques for precision macromolecular design.18,22–30 In 
comparison to other RDRP techniques, RAFT allows for the use of a vast array of 
compatible monomers and no transition metals are required as additives.26,31 The 
principle for a decreased number of termination events in RDRP techniques is a 
reversible, inactive state for the majority of the living chains during the polymerization 
(the so-called dormant state). In RAFT, the reversible switch between the active and 
the inactive state is the concept of reversible chain transfer. Chain transfer is facilitated 
by the chain transfer reagent (CTA, e.g. RAFT agent), which is the key reactant in 
addition to the initiator and the monomer. The presence of the RAFT agent expands 
the average lifetime of the propagating polymer chains. The longer lifetimes of the 
growing polymer chains do – in the case of RAFT polymerization – not increase the 
polymerization times, as during the RAFT process the propagating radical 
concentration is not lowered.32 This is in sharp contrast to ATRP and NMP. For a 
successful RAFT polymerization, the judicious choice of the CTA (refer to Figure 5) 
is critical. The structure of CTAs includes the R-group (Figure 5, blue), which needs 
to be a good leaving group, and the Z-group (Figure 5, red moieties), which controls 
the RAFT adducts stability and thus the reactivity of the C=S double bond. The 
reactivity of the RAFT agent, determined by both groups, must be compatible with the 
employed monomer class and is a critical choice for the desired outcome of the 
polymerization.18,33 Categories of the radical reactivity separate monomers in two 
main classes, the more-activated monomers (MAMs) and the less-activated monomers 
(LAMs).23 A poor choice of CTA-monomer pair might cause loss of control of the 
radical processes (e.g. leading to high Đ) or the inhibition of the radical reactions from 
the initiator.18,34 The most important classes of RAFT agents are shown in Figure 5 
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and include the dithiobenzoates (a), trithiocarbonates (b), xanthates (c) and 
dithiocarbamates (d, left). 
 
Figure 5. Left: main RAFT agent classes of the dithiobenzoates (a), trithiocarbonates (b), 
xanthates (c) and dithiocarbamates (d). Right: features of RAFT agent, exemplary shown 
for the trithiocarbonate structure, which was employed in this work. 
The structure of the Z-group determines the reactivity of the thiol-double-bond and 
therefore critically impacts the success of RAFT polymerization. In case of thio-
carbamates (structure d in Figure 5), the lone pair of the nitrogen is delocalized and 
therefore decreases the double bond-character and thus the reactivity of the 
carbon-sulfur double bond, respectively. Herein, thiocarbamates are more suitable for 
less active monomers (LAMs) such as vinyl amides. In contrast, the lone pair of the 
carbon-sulfur double bond is more reactive if electron-withdrawing Z-groups (e.g. 
phenols) are present, making dithiobenzoates rather suitable for more active monomers 
(MAMs) such as acrylates. Trithiocarbonates are suitable for the polymerization of 
acrylate monomers and are employed in the current thesis. The mechanism of RAFT 
polymerization is elucidated for the example of the trithiocarbonates as CTA reagents 
(Figure 6). An ideal RAFT polymerization features rapid (re)initiation. Herein, low 
radical concentration conditions are operational and a constant growth-rate of all 
polymer chains occurs. Initiation is frequently performed by use of azo-compounds as 
initiators (I2), which react after decay (I
•) with a first monomer (M), generating the 
adduct P•n (Figure 6, first row). Ideally, the CTA reacts extremely fast with the first 
radical adduct P•n, and R
• is subsequently released (Figure 6, second row). Thus, the 
RAFT agent structure is of critical importance, as the structure must possess a better 
the leaving-group ability of the R-group than the leaving-group ability of the 
propagating radical. Subsequently, R• reinitiates the polymerization to induce the main 




Figure 6. Overview of the mechanism of the Reversible addition−fragmentation chain-
transfer polymerization. 
Narrow Đ of the polymers is facilitated due to the degenerative effect of the CTA, in 
means to the faster addition of the propagating radical to the C=S bond. As a 
consequence a linear increase of molecular weight (more precise, the degree of 
polymerization DP) is observed with increasing conversion , respectively (Figure 7). 
During RAFT polymerization, just as in a conventional radical polymerization, the rate 
of polymerization is determined by the radical concentration. The number of dormant 
chains at any time is directly regulated by the concentration of the CTAs, as a CTA 
induces a steady and reversible deactivation of a propagating chain. The molar ratio of 
the initiator to the CTA determines the ratio of propagating chains to dormant chains. 
The radical concentration is determined by the initiator concentration for a given 
monomer reaction system. As a consequence of the above described mechanistic 
features of RAFT polymerization, the molecular weight can be predetermined by the 
ratio of monomer (nmonomer) and CTA (nCTA) (equation 4).   




The ratio of concentration of the CTA to the concentration of the initiator determines 







The following Figure 7 shows the characteristic correlations between the conversion, 





Figure 7. Fundamental relationships of the conversion c and the increase of molecular 
weight MW allow to tailor the chain lengths of linear polymers by the ratio of monomer- 
and chain transfer agent (CTA) concentration during RAFT polymerization (left). The 
linear correlation is based on the increase of molecular weight (MW) with increasing time 
t (right). 
To achieve well-defined copolymers (precursor) via RAFT polymerization, the 
monomers and the CTA must be compatible in their structure and with the conditions 
of polymerization (e.g. solvent and temperature, reactivity of the monomers). 
Copolymerization describes the polymerization of monomers of different structure and 
facilitates the widely variation of the properties of the macromolecules.35 The 
arrangement of the monomers in the polymer can be of random (statistical 
copolymers), alternative (alternating copolymers) or block-like (block copolymers). 
This section focusses on statistical copolymers, as a random distribution of functional 
units is endeavoured for post-polymerization modifications (PPM). A statistical 
sequence of monomers is e.g. indicated by a linear correlation between the monomer 
consumption and the polymer composition. It takes place if the reactivity of one 
monomer type is of comparable rate to both the own type and another type.36 
Assumption that only the terminal end of a propagating chain impacts the reactivity 
ratio of monomers, their addition to the growing polymer chain can be described in a 
simplified model.37  Considering a two-component system, a monomers can be added 
either to the macroradical of either the same (kaa and kbb) or of differing chain structure 
(kab, kba), as shown in Figure 8.
38  
 
Figure 8. The terminal model describes the addition of monomers, here shown for the rate 
constants ki of a two-component system (monomer a and b). 
The reactivity ratios ra an rb of the involved monomers are then defined as follows 
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𝑟𝑎 = 𝑘𝑎𝑎 𝑘𝑎𝑏⁄                   𝑟𝑏 = 𝑘𝑏𝑏 𝑘𝑏𝑎⁄  
 
(6) 
The reactivity ratios are valuable for experimental operations, as the molar amount of 
the monomers in the copolymer can be calculated via the Mayo-Lewis equation.39 The 
Mayo-Lewis equation described the relation between the molar fractions of the 
















If more segments of the polymer chain or a more component polymerization system 
considered, the mathematical description becomes complex. In the course of this work, 
the terminal model gives an appropriate level of precision. A statistical sequence of 
functional monomers probable by using acrylate monomers of the same class 
(MAMs).18 This facilitates the integration of a defined amount of functional moieties 
along the polymer chain. Tuning the ratio of monomers with and without reactive 
moieties for PPM allow to design tailored precursor polymers for subsequent 
operations. Herein, precursor polymers are the starting material for subsequent intra-
chain ligation, coined folding reaction. Thus, the monomer feed ratio during 
polymerization is exploited to tune the folding reaction, as explained in chapter 2.4.  
The following Figure 9 provides an overview of the employed strategy for the 
precursor synthesis (red) in the current PhD thesis. Radical chain growth techniques 
are compatible with a large repertoire of monomers, suitable for large scale 
polymerization and less stringent reaction-conditions.17 RDRP techniques enable the 
tuning of the molecular weight of the linear precursor, which is essential for the aims 
of the current thesis, where a systematic variation of the folded polymers’ chain length 
is required. The employed RAFT polymerization technique is the most versatile 
reversible-deactivation radical polymerization (RDRP) technique and facilitates metal 
free polymerization, which is important for the targeted thiol-induced post 
polymerization reactions (folding reaction). The compatibility of RAFT 
polymerization with versatile monomers enables a high flexibility of the choice of 
monomers (see chapter 2.6.1) compared to other RDRP techniques. Finally, the RAFT 
technique facilitates to synthesize linear copolymers of tailored chain lengths and 




Figure 9. Possible synthetic routes in polymer chemistry and the employed pattern in this 
works (red), comprising the polymerization class, the desired architecture, the 





2.1.2 Mechanistic Background of Photochemistry  
Photochemistry is a growing section of chemistry that utilises light as the energy 
source to enable a chemical process.41 Photochemical reactions include all reactions, 
such as bond breaking, forming, or rearranging that is induced by absorption of 
photons in the of ultraviolet (λ = 100 - 400 nm) to visible light (λ = 400 - 750 nm) 
regions.41,42 
The first step in a photochemical process is the photoexcitation of the substance due 
to absorption of photons, leading to the energetically excited state. According to the 
first rule of photochemistry (Grotthuss–Draper law), light must be absorbed by a 
chemical substance for photochemistry to occur.43 According to the relationship 
E = h∙, UV light has higher energy than visible light and can enable a broader range 
of reactions. However, high energy UV light may also trigger unwanted side reactions 
or reactions with adverse effects, e.g. cycloaddition reactions that cause DNA 
crosslinking and eventually result in skin cancer.44 Therefore, the use of visible light 
for chemical activation is a general pursuit of modern photochemistry. In chapter 5 a 
visible light-absorbing reactant will be used in the blue light-enabled modification of 
polymer chains.   
 
Figure 10. Overview of the wavelength ranges of the UV/Vis spectrum.  
The second principle of photochemistry is the law of photoequivalence (Stark-Einstein 
law), stating that each photon absorbed can excite one molecule for subsequent 
conversions only, which is fundamental for the quantitative description of 
photochemical processes.43 Taking in account the complexity of possible chemical 
processes after absorption, the efficiency of the latter is referred to a particular event. 
The quantum yield Φ for a photochemical reaction defines the amount of reactant 
consumed or product formed per number of photons absorbed by a monochromatic 
excitation.41 A quantum yield below Φ = 1 indicates the existence of non(radiative) 




2.1.3 Absorption - the Frank Condon Principle 
The Born-Oppenheimer approximation fundamentally describes the mechanistic 
background of absorption, modelling electrons and nuclei independently of one 
another. Due to the difference in mass and therefore dynamics of nuclei and electrons, 
the electronic reorganization of the electrons upon absorption takes place rapidly 
compared to nuclei movements. The energetic potential of the electrons is considered 
as a function of nuclear coordinates. The photochemical excitation of a diatomic 
molecule can be illustrated by the Frank Condon diagram (Figure 11). Figure 11 
shows the energy profiles and the vibrational energy states (grey lines) of the ground 
state (lowest energy electronic state) and the exited state as a function of atomic 
distance (r) and energy (E). 
 
Figure 11. The Franck–Condon diagram shows vertical transitions for the excitation upon 
adsorption during unchanged nuclear positions (indicated by the atomic distance r). The 
vertical transition take place between electronic states of vibrational wave functions with 
maximum integral overlap. 
According the Franck–Condon principle, absorption occurs exclusively via vertical 
transition positions (red arrow in Figure 11) of electron and is intense without changes 
in nuclei. In quantum mechanical formulation, the intensity of a vibronic transition is 
determined by the square of the overlap integral between the vibrational wavefunctions 
of the two states involved. The energy minimum of the excited state is shifted with 
respect to the nuclear coordinates in the ground state (r0), and the highest vibrational 
state of the exited state is close to the energy required for bond dissociation. Herein, 
the population of higher vibrational states can lead to homolytic bond dissociation. 
The relaxation from higher vibrational levels to the zero vibrational level of the excited 
state can occur under loss of thermal energy. From here, possible relaxation to the 
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ground state can occur via radiative decay, e.g. fluorescence, indicated by the black 
arrow in Figure 11.  
2.1.4 Relaxation – the Jablonski Diagram 
The Jablonski diagram allows more detailed modulation of the relaxation, as it 
focusses on the potential energy states without spatial orientation.45 Figure 10 
illustrates the transition between distinct electronic states and the final relaxation to 
the energetic ground state. Similar to Figure 11, the energy surfaces are schemed as 
energy levels (thick grey lines) and arrows indicate possible transitions between these 
levels. The position of the energy states depends on the individual structure of 
molecules and the energy of the incident light. In Figure 12 Sn is the abbreviation for 
singlet states, and Tn is for triplet states.
46 The likeliness of transitions resembles the 
timescale of the processes. Curved lines indicate vibrational relaxation (VR), dotted 
lines indicate non-radiative transitions either the internal conversion (IC) or the 
intersystem crossing (ISC). Vibrational states are indicated by thin horizontal lines.  
 
Figure 12. Transitions between the different energy levels of the Jablonski diagram: The 
height of the ground electronic states like singlet (Sn) and triplet (Tn) differ from those of 
the exited states (n≥0), resembling their energy levels. Non radiative processes (including 
vibrational relaxation VR, internal conversion IC and intersystem crossing ISC) and 
radiative processes (phosphoresce and fluorescence) are indicated as possible transitions 
by arrows after the absorption. 
The fast absorption of defined electromagnetic radiation (red vertical arrows) from the 
ground state (S0) leads to the electronical and vibrational excited states (Sn≥0). Since 
the excited states are unstable, competing processes of relaxation follow. Particularly, 
IC and VR are fast and non-radiative processes. VR takes place within the same 
multiplicity, whereas IC takes place between levels of multiplicity. VR is often 
accomplished by modes of vibration or rotation of molecular subunits and can be 
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measured by infrared spectroscopy. Non-radiative transition under change of the spin 
multiplicity is assigned with ISC. Phosphorescence (Figure 12, black arrow) is the 
spin forbidden relaxation under change of the spin multiplicity from the T1 to the 
ground state S0 (according to Kashas rule). The emission of fluorescence is 
accompanied with relaxation from the lowest excited singlet state (S1) to the ground 
state (S0). The emission wavelength generally depends not on the excitation 
wavelength (Kashas rule). According to the Franck Condon principle, fluorescence 
from Sn≥1 is less probable.
47,48  
The light absorption properties of the compounds can be quantitatively described via 
UV/Vis spectroscopy. The relationship of the light intensity before (I0) and after (I) 
passing through the sample cuvette is defined by the Lambert Beer´s law: 
𝐴 =  ε𝜆 ∙ c ∙ L =  − log(𝐼 𝐼0⁄ ) (8) 
where A, ε, c and L are the experimental absorbance, the wavelength-dependent 
extinction coefficient, the concentration, and the cell path length. The selective 
wavelength absorption of molecular moieties is exploited in chapter 4 for the 





2.2 ANALYTICAL TOOLS 
2.2.1 Nuclear Magnetic Resonance Spectroscopy  
Nuclear magnetic resonance (NMR) spectroscopy is suitable to analyze the chemical 
structure of molecules from small sizes up to macromolecular constructs.  Odd mass 
nuclei have fractional spins (e.g. I = ½) (angular momentum) and can be observed via 
NMR spectroscopy (Figure 13). By subjecting an NMR active nucleus to an external 
magnetic field B0, characteristic electromagnetic interaction applies. The principle of 
the NMR spectroscopy is the simultaneous exposure of a strong magnetic field 𝐵0 and 
the irradiation with high frequency radio waves (𝑓 = 60−1000 𝑀𝐻𝑧).  
 
Figure 13. The principle of NMR spectroscopy: Exposing a nucleus a nucleus spin to an 
external magnetic field leads to a characteristic magnetic moment B. 
The subjection of nuclei to an external magnetic field B0 reveals information about its 
chemical environment, and the structure of the overall molecules can be decerned. The 
measured resonances lead to signals of characteristic chemical shifts, splitting and 
integrals in the Fourier transformed spectrum (Figure 14). 
 
Figure 14. Schematic representation of the fundamental relations and concepts in nuclear 
magnetic resonance (NMR) spectroscopy, shown for the conventional chemical shift ranges 
 of a 1H NMR spectra. Nuclei of electron-rich environments are shielded, adsorb high 
radio frequency, and appear in rather low ppm ranges. The reference signal of chloroform 
(CDCl3) is given for orientation. 
The chemical shift is the position in the spectrum at which the nuclei absorbs. It codes 
for the direct chemical environment of the nuclei like the electron density, as the 
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measured resonances are directly impacted by shielding effects of the nuclei from 
surrounding electrons. (De-) shielding describes the magnitude of the magnetic field, 
which is experienced by a nucleus. Shielding is mainly affected by the electronic 
surrounding, described by concepts of electronegativity, magnetic anisotropy of π 
systems and hydrogen bonding. An electron rich environment requires generally a 
lower frequency of applied external magnetic field. Hence, resonances of shielded 
nuclei will adsorb at rather high frequency and appear in the high field range of the 
NMR spectrum. For any NMR spectroscopic experiment, the signal intensity of the 
resonance signal is proportional to the lamor frequency, which is obtained due to the 
precision of the nucleus in an external static magnetic field B0. The lamor frequency 
(fL) is defined in equation 9 and proportional to the gyromagnetic ratio . 
𝑓𝐿 = 𝛾 ∙ 𝐵0 (9) 
Hence, nuclei with a high  allow yield in high signal intensity in NMR spectroscopic 
measurements.  The 19F nucleus possesses a similar gyromagnetic ratio than a 
hydrogen atom (+42.576 MHz Ts-1).49 The high natural abundance of the 19F nucleus 
(100%) makes the 19F NMR spectroscopy superior compared to 1H NMR 
spectroscopy, as the NMR active nucleus has a low natural abundance. Similar to 1H 
NMR spectroscopy, the intensity of the 19F resonances is directly proportional to the 
number of atoms, facilitating quantitative studies. 19F NMR spectroscopic resonances 
appear in a broad range of approximately 500 ppm, making the 19F nucleus to a 
sensitive sonde for the changes of the chemical environment. More precise, the spectral 
range of the 19F NMR resonances is sensitive to further substituents of the carbon atom, 
which is bond to the resonance 19F nucleus. The spectral sensitivity increases in the 
order RCF2-F < R3C-F  (where R is an organic atom), which is exploited in PFTR 
reactions (chapter 4 and chapter 5) in this work.50  The PFTR reaction-center is the 
pentafluoro phenyl moiety (RC6F4-Fp), and the substitution of the para-fluorine atom 
Fp lead to significant shifts of all fluorine resonances. In general, the 
19F NMR 
resonances do not suffer from organic impurities or residual solvents, as 19F NMR 
nuclei are not present in the most natural molecules. This is of great advantage when 
reactions can be monitored via 19F NMR spectroscopy, as purification of other 
compounds or reactants are not necessary. Because of the absence of 19F nuclei in the 
most conventional molecules in organic synthesis, no reference peak is given for 
routine NMR experiments, which commonly exploit deuterated solvent peaks for 
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internal referencing. Thus, internal standards like trifluoro toluene or hexafluoro 
benzene are often employed for referencing the chemical shift-ranges in 19F NMR 
spectra. 
NMR spectroscopy is an essential tool in this work. Fundamentally, 1H NMR 
spectroscopy facilitates an assessment of the required monomer purity to perform 
controlled polymerization or to generate defined precursor polymers, respectively. The 
precursor library in hand, its relative composition can be calculated via 1H NMR 
spectroscopy. Furthermore, the success of end group transformation can be quantified 
with the same method. Finally, 19F NMR spectroscopy enables to quantify the turnover 
of the PFTR folding reaction, or the amount of incorporated crosslinker, respectively. 
Reducing the spectral width to the relevant ppm ranges and increasing the scan number 
per measurement and the relaxation delay time D1 can be effective to increase the 
signal to noise ratio of 19F NMR spectroscopic measurements for polymer 
characterization. 
2.2.2 Viscometry (VS)  
The viscometer determines the specific viscosity sp of a sample, assuming diluted 
solution below the polymer overlapping concentration c*, based on the Hagen-
Poiseuille law. This text examines the balanced capillary bridge viscometer of 
Wheatstone instrument geometry (Figure 15, left), which is suitable for online 
determination of the viscosity. Here, the capillaries are arranged in parallel between 
the inlet and outlet ports, allowing a flow analogy to the Wheatstone bridge in electrical 
art. Fluid communication between the capillaries is possible by connecting fluid arms. 
The capillary bridge enables the evaluation of the unitless value of the specific 
viscosity sp by integral pressure transducers (IP) and differential pressure transducers 





Figure 15. Schematic representation of the capillary bridge of a differential viscometer. If 
neat solvent flows (left), the four resistive capillaries (R) are balanced to obtain (DP=0). 
After sample injection (right), the delay volume enables to determine the characteristic 
resistance ratios of the IP and the DP (integral and differential pressure transducers), 
which are required to calculate the specific viscosity. Scheme is adopted from Wyatt 
Technology. 
The bridge is balanced, if neat solvent flows through all four resistive capillaries (left 
figure, DP = 0). If a sample is injected, the delay column retards the flow of the 
solution (containing the analyte, green) at one side of the capillary bridge. Thus, the 
simultaneous measurement of viscosities with and without analyte Figure 15: “solvent 
only” and “solution”) is possible. The ratio of the incremental viscosities resembles 
the measures of the IP and the DP. As a result, the unitless value of the specific 
viscosity sp is accessible. 
𝜂𝑠𝑝 = 2𝐷𝑃 (𝐼𝑃 − 4𝐷𝑃)⁄  (10) 
The intrinsic viscosity [] can be computed from the specific viscosity sp if the 
concentration of each slice is assessable (e.g. via online concentration-sensitive 
detectors like dRI or UV).  
[𝜂] = lim 
𝑐→0
𝜂𝑠𝑝/𝑐 (11) 
The spatial compaction of SCNPs is indicated by a decrease of [], or the viscometric 
radius Rη, respectively.
51–57 The viscometric radius Rη is defined for an equivalent 
sphere having the same product of [] and molar mass as the polymer.58 The Einstein-
Simha relationship describes the correlation between a particles´ size and the viscosity 
by the relation between a hypothetic volume of a sphere (V) of the particle and the 


















Rη is a valuable reference to the Rh derived by QELS (equation 15). 
60 It should be 
noted, that the value of the Rη is calculated on the assumption of spherical geometry 
of the particle and it depends on the molar mass. Hence, the quality of R data of online 
VS detection depends on the data quality of the MALS and dRI detection, respectively. 
The intrinsic viscosity is useful to generate the Kuhn-Mark-Houwink (KMH) plot (log 
[η] vs. log Mw), according to: 
[𝜂] = 𝐾𝑀𝛼 (14) 
The fit of the KMH plot yields the parameter  , revealing the conformation of the 
polymer with respect to the distinct solvent quality.61  The slope α of the KMH plot 
for particles of random coil conformation in a good solvent adopt values between 0.5 
and 1.0. Lower values indicate compact structure,  = 0 is true for compact spheres.  
The desired narrow molar mass distribution of precursors and SCNPs hamper the 
decrease accuracy of the compactness by KMH plots. 
2.2.3 Light Scattering Techniques 
Light scattering (LS) techniques expose matter to electromagnetic waves, inducing 
oscillation of electrons in the atom. Thus, induced electron oscillation emits secondary 
electromagnetic radiation in turn. The direction and the intensity of the back scattered 
light reveals physicochemical properties of the scattering particles, as described in the 
following text. Static light scattering and dynamic light scattering (SLS and DLS) 
techniques are frequently addressed to gain information about the size and the 
morphology of soft matter by exposure to light in the visible wavelengths range. 
Anisotropic scattering behavior facilitates the calculation of the mass-centered size, 
the second virial coefficient A2 and the mass of the emitting particles (SLS), wherein 
the latter can be determined only for particles smaller than the anisotropic scattering 
threshold. In any case, the exploration of the doppler effect gives access to the motion 
of the particles in solution. Thus, the hydrodynamic size can be determined by the 
measurement of the fluctuation of the light intensity (DLS).  
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2.2.3.1 Dynamic Light Scattering (DLS) 
In Quasi-Elastic Light Scattering (QELS), a.k.a. 
Dynamic Light Scattering (DLS), fast photon 
diodes measure the time-dependent fluctuations 
in scattered light. In a QELS experiment, ideally 
monochromatic light is irradiated on a sample of 
dissolved particles (Figure 16, orange color 
beam). Isotropic scattering scenarios from the 
particles lead to elastic scattering processes (Rayleigh Scattering, Figure 16). The 
secondary oscillating waves possess the same momentum (frequency) as the incident 
laser beam 0. Due to the coexistence of multiple scattering points in solution, the 
oscillating waves interact with each other in destructive or constructive interference, 
leading to a change of the net scattering intensity. The net scattering intensity of light 
depends on the relative position of the scattering points. The fluctuation of the recorded 
intensity is caused by the Brownian motion of the particles in accordance with their 
diffusion behavior in solution. The Stokes-Einstein relation (equation 15) describes 
the relationship between the diffusion behavior and the size of particles in solution, 
more precisely their hydrodynamic radius Rh. The Rh is defined as a radius of a 
hypothetical hard sphere that diffuses with the same rate as a particle with a 





Where kB, T and η0 are the Boltzmann’s constant, temperature, and viscosity of the 
solvent. The Stokes Einstein relation shows, that only few parameters need to be 
determined for a QELS experiment, at known temperature and the viscosity of the 
solvent during measurement. The QELS detector measures the time-resolved change 
of net scattered light intensity to derive the diffusion coefficient (D) or the 
hydrodynamic size of the particles, respectively.  
The photodiode of the detector records the light intensity of a coherent area at a certain 
time (t) and compares it to the light intensity after an extremely short time interval (t 
+ ). Typical count rates () are in an order of one million photons per second, state-
of-the-art detectors allow count rates of one photon per microsecond on average.62  The 
measure of each time interval correlates very well in the beginning of the 
 
Figure 16. Scheme of the scattering 
events during QELS experiments. 
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measurement. Particles move with ongoing time, and the correlation between the 
single measurements decreases. The correlation function plots the average and overall 
change in intensity for a given time interval vs. time (Figure 17, middle). The time-
averaged intensity of the correlation function g is defined as: 




The smaller particles diffuse rapidly and lead to fast fluctuations in the scattering 
intensity with short decay times for the autocorrelation function (Figure 17, top row) 
compared to larger ones (Figure 17, bottom row). Thus, the key measure of the QELS 
is the rate of scattered light-intensity fluctuation. By utilizing the autocorrelation 
function (g), the QELS detector measurement can be linked to the diffusion coefficient 
(D). The autocorrelation function (g) is valid for monodisperse samples only. 
𝑔(2)(𝜏) = 1 + 𝛽𝑒−2𝐷𝑡𝑞
2𝜏 (17) 
Where   and q are the delay time, intercept of the correlation function and the 
scattering vector q (see equation 18) respectively.  
Software-based programs fit exponential decay functions to the experimental decay 
function (equation 16). The relation in equation 17 is only valid for strictly 
monodisperse size distribution of the particles, providing a theoretical description of 
the experimental decay function.  
 
Figure 17. Scheme of the relation between the time resolved fluctuations of scattered light 
intensity (left) the decay of the correlation function is measured from the QELS detector in 
a linear plot (middle) and logarithmic scale of the autocorrelation function (right). 
The diffusion coefficient is accessible, if the mathematical explanation shows 
sufficiently low deviation from the experimental curve. Thus, the desired 
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hydrodynamic radius Rh of the particles can be calculated via the Stokes−Einstein 
equation 15). The shape of the autocorrelation function indicates the size, the dispersity 
and the multiplicity of size-distributions of the particles in solution.  
 
Figure 18. The shape of the autocorrelation function indicates already for the size to, the 
dispersity and the multiplicity of size distributions. 
A high slope of the correlation function indicates low polydispersity and vice versa. 
The relative position of the turning point indicates the size of the scattering particles 
(Figure 18). Various decays of the correlation function indicate the coexistence of 
multiple size populations, assuming their difference in size is sufficient high to be 
distinguished. 
2.2.3.2 SLS - Analysis of Anisotropic Light Scattering Behavior 
Static light scattering (SLS) instruments detect 
the amount of light scattered which is correlated 
to the number of the scattering centers of the 
particles, e.g. to their mass. Concentration-, and 
angular dependent scattering experiments yield 
both the weight average molar mass Mw and the 
radius of gyration (Rg) as stated in the 
fundamental light scattering equation (Zimm formalism, equation 18). The Zimm plot 
enables to determine the second virial coefficient A2, the average molar mass Mw and 
the radius of gyration Rg,  three fundamental important measures for the 
characterization of polymers in solution. A variety of parameters must be determined 
to solve equation 18. The optical constant KLS (equation 19) shows the strong impact 
of the refractive index increment (dn/dc, also known as optical contrast) in light 
scattering experiments.  The Rayleigh ratio Rθ (equation 20) describes the net 
 
Figure 19. Scheme of the scattering 
events during an SLS experiments. 
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scattering intensity with respect to the instrument geometry (the distance between the 
scattering object and the measuring instrument r and the sample cell volume V). Rθ is 
defined by the ratio of the scattered intensity Iθ for a given angle θ to the intensity of 
the incident beam I0 (equation 20). The theoretical background of the form factor P(q) 
is described in greater detail as follows.  
The anisotropic light scattering behavior is observed for particles with a size larger 
than 1/20th of the wavelength of the laser beam (practically larger than 20 – 30 nm in 
diameter for red-light lasers). Anisotropic light scattering occurs, if a particle interferes 
with more than one incident photons per time, causing interaction of the secondary 
emission due to their proximity. The intensity of anisotropic scattering events 
decreases in backwards direction of the laser beam. The decrease of scattered intensity 
is be defined by the form factor P(q) and characteristic for the shape and size of the 
scattering particle (equation 21).   



























2+. .. (21) 
The experimental determination of the versatile parameters, required for Zimm 
analysis, is possible by angle- and concentration dependent LS measurements.  
Generally, SLS instruments detect the intensity of light scattered by a sample to 
measure its molecular weight according to Rayleigh ratio (equation 20). As however, 
a change of the molecular weight is inseparably conjunct to a change of particle size, 
the scattered light is not solely a measure of the molecular weight of the particles. The 
analysis must account for the contribution of the size of the particles, which contributes 




Figure 20. Scheme of a static light scattering (SLS) instrument for measuring the light 
intensity at multiple angles. 
SLS can be performed in batch (Figure 20) or integrated in the flow system of liquid 
separation techniques.  
2.2.3.3 Online MALS Technique 
The coupling of SLS to size-exclusion chromatography is often realized via the multi 
angle light scattering (MALS) technique, which models the angular dependence of the 
scattered light by multiple detectors mounted at different angles. The Figure 21 shows 
the principal set-up (left) and the resulting graph (right) of an MALS experiment. 
Multiple photodiodes are mounted planar around a flow cell in defined angles (θ) 
relative to the incident laser beam. The incident laser beam passes the flow cell (light 
blue). Scattered light is detected from the photodiodes (grey). Fit functions (Figure 
21; red dotted line) enable to extrapolate the scattering behavior in suitable plots to the 
scattering angle (to θ = 0°). The result graph (Figure 21, right) exemplifies the data 
evaluation via the Zimm approach K∙c∙Rθ





Figure 21. Scheme of the instrument (left) and result graph (right) of an MALS experiment. 
Multiple angle (θ) detection if the light intensity from multiple photodiodes (grey) facilitate 
the extrapolation to the scattering behavior to θ = 0° (red dotted line). Here, the Mw is 
calculated from the intercept, and Rg is calculated from the initial slope (dy/dx) of the plot. 
The extrapolation to θ = 0° is need, as extremely high light intensity in forward laser 
direction from the primary laser beam is true. The Mw is calculated from the intercept, 
and Rg is calculated from the initial slope (dy/dx) of the plot. A high number of 
photodiodes generally increases the confidence of data evaluation. Thus, data from 
single diodes can be excluded from the fitting without effecting the results if signals 
of single diodes show significant deviation from the trend (due to artifacts or low 
signal-to-noise ratio). A high fit quality, resembling much experimental data for very 
small angles are of especially importance for the determination of the Rg (Figure 21, 
red highlighted range). The Rg is determined by the slope in the origin of the angle 
dependent plots. Thus, measurements at infinitesimal small angles would be ideal. 
Small-angle scattering (SAS) techniques seeks for high data accuracy for very small 
angles, as described in chapter 2.2.4.  
In conclusion, MALS instruments detect the light intensity in forward direction by 
mounting multiple photodiodes planar around the measuring cell. MALS technique 
yields Mw for both isotropic and anisotropic scattering particles and the Rg for 
anisotropic scattering particles. As a drawback of MALS, versatile parameters need to 
be determined and comprehensive data evaluation requires the knowledge of the 
particles shape.  The online coupling of MALS to separation instruments and the 
suitability of this hyphenation for SCNP characterization is discussed in chapter 2.3.2. 
The wavelength of LS techniques is limited which limits the size resolution of 
scattering objects. The use of shorter wavelengths enables a more accurate analysis of 
the form factor P(q) of small particles or to resolve the particles´ morphology in greater 
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detail, respectively. Alternative scattering techniques addressing the use of shorter 
wavelength are described in more detail in the chapter 2.2.4. 
2.2.4 Small-Angle Neutron Scattering 
2.2.4.1 Introduction Small-Angle Neutron Scattering 
Small-angle scattering (SAS) experiments facilitate to characterize the radius of 
gyration Rg, the shape, and the interaction of very small particles with each other. The 
size resolution in scattering experiments depends on the employed wavelength of the 
incident beam. To overcome the size-limitations in light scattering experiments, SAS 
techniques employ significantly smaller wavelengths (0.01 nm to 3 nm) and are 
eligible for the investigation of various size ranges (1 nm – 1000 nm) of soft matter 
materials.58 The resolution covers length scales, which are highly relevant for the 
investigation of the SCNPs microstructure. This applies for the geometry of the whole 
SCNP as well as for the size resolution on segmental scale. Information about the 
segmental scale enable e.g. to derive the stiffness of the polymer backbone, which is 
essential for the folding efficiency. Next to the absolute size, morphological aspects of 
the folding can be traced via SAS experiments as well, as they facilitate conformation- 
and the shape analysis.  
To overcome the inaccuracies in the Rg approximation, as discussed for MALS 
experiments (see chapter 2.2.3), the SAS principle investigates the interferences of 
scattered radiation at very small angles (typically 2θ ≤ 2°).58 Next to X-rays (small 
angle X-ray scattering, SAXS), neutrons (small-angle neutron scattering, SANS) are 
the irradiation source in SAS experiments. This chapter provides a comparing 
assessment of SAXS and SANS and comments on the suitability the techniques 
regarding SCNP characterization. The principles of the SANS technique, the employed 
instrument set-up in this work and fundamentals of the SANS data evaluation are 
introduced. 
2.2.4.2 SAXS and SANS - Suitability for SCNP Investigation 
The most obvious difference between the use of neutrons or X-ray radiation in SAS 
experiments is that the deflection of X-rays happens at the electron shell of atoms, 
whereas the uncharged neutrons are deflected in the nuclei-core of the atoms. The term 
scattering cross section expresses the likelihood of interaction between the radiation 
and matter. This term is employed in nuclear physics, whereas the term of (optical) 
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contrast dn/dc is used in light scattering experiments. The contrast in SAXS 
experiments is based in the difference of the electron density. The X-ray scattering 
cross section increases proportional with the atomic number or the number of 
electrons, respectively. For neutron scattering investigation, the scattering cross 
section varies in an apparent random manner with the atomic number.63 The contrast 
in a SANS experiments depends on the bound coherent scattering length, which are 
listed in data libraries such as the national nuclear data center.49 As the coherent 
scattering lengths of isotopes differ significantly, sufficient contrast in SANS 
experiments can be manipulated via isotope substitution. Isotope labelling of either the 
solvent or the analyte permits to avert the contribution of the net scattering of one of 
the components. Following, selective labelling (e.g. of the crosslinking centers of 
SCNPs) can provide a spatial resolution of functional segments within the SCNPs 
microstructure.  
X-rays and Neutrons have different energies for the same wavelength. For example, a 
neutron with a De Broglie wavelength of 0.15 nm has an energy of 36.4 meV while an 
X-ray photon of 0.15 nm wavelength has an energy of 8.2 keV. Thus, the X-ray is 
more energetic than the neutron by a factor of 200.000.64 The non-invasive character 
enables to investigate even delicate biopolymers or SCNP assemblies, e.g. if folded 
via reversible ligation motifs.  
X-rays possess electro-magnetic radiation which can cause charges when interacting 
with matter, thus often penetrating only a few millimetres into the surface. Even if the 
penetration depth of X-rays strongly depends on the matter, neutrons generally exceeds 
X-rays in penetration and can penetrate e.g. centimetres of aluminium.65 Neutron 
penetrability facilitates the investigation under modification of versatile conditions, as 
sample container (like temperature regulators, pressure cells, etc.) can be used during 
the measurement. Hence, SANS characterization can be performed even within 
complex sample equipment, which is possibly required for temperature- or magnetic 
field induced folding.  
A drawback of the SANS technique is the limited access to neutron research reactors. 
Only few sources of neutron flux exist for scientific purposes, and the produced 
neutron flux is generally weak. Nuclear fission can be used for releasing neutrons for 
scientific purpose. Each fission event of uranium 235 in nuclear reactors releases 
approximately 2-3 neutrons.66 Neutrons observed from fission are used in the Institute 
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Laue-Langevin in Grenoble (France), the flagship of Europe’s neutron science 
community. The SANS experiment is performed in the neutron diffractometer, where 
the cold neutron beam is exposed to the material of interest and diffraction pattern of 
the elastic neutron scattering is recorded. Often many diffractometers of versatile 
geometry are installed around one neutron source. The following text exemplifies the 
set-up of the employed SANS-device in this work (Figure 22). After reaching the 
diffractometer from the cold source, a selector reduces the background scattering of 
the incident neutron flux. Then, a monochromator and the collimator enables 
alignment and selection of a desired neutron wavelength from the polychromatic beam 
(Figure 22). A velocity selector (rotating drum, see grey arrow in Figure 22) serves 
as monochromator. Neutrons within a narrow wavelength-distribution (4 Å ≤ 0 ≤ 40 
Å) are selected according to the rotation speed of the drum. Further beam collimation 
is possible by choice of apertures. The use of tiny diaphragms facilitates a high wave 
vector resolution to the expense of the intensity. Subsequently, the neutrons are 
scattered from the dissolved solute within quartz cuvettes, which are fixed in a 
thermalized copper-sample changer. Scattered neutrons are recorded on a rectangular 
3He multi-detector (blue and green arrows indicate the angle-dependent deflection in 
Figure 22). The detector is mounted on a moveable trolley within the evacuated 
detector tube to trace deflected neutrons at any distance between 1.2 and 39 m from 
the sample position. Thus, the pinhole instrument facilitates a unique variation of 
resolved sizes of the probed particles. 
 
Figure 22. Scheme of the SANS-instrument D11 of the Institute Laue-Langevin (ILL, 
Grenoble), which was employed in this work for SCNP characterization. 
In SAS experiments, the scattering intensity I(q) is a measure of the magnitude of the 
scattering vector q(λ,θ)  in reciprocal space.64 The definition of q serves to make results 
comparable for various detector distances, angles and types of irradiation (like SANS 










where λ is the wavelength of the incident beam and θ is the scattering angle. The 
scattering vector q is calculated under consideration of the distance between the sample 
and the detector, the height of the scattered beam, and the scattering angle.67 The 
Figure 23 (left) shows the neutron deflection, described by the wave vectors ?⃗? 0 and ?⃗?  
of the incident and the deflected neutrons.64 The deflection of the neutron beam causes 
characteristic 2D intensity profiles on the detector area (Figure 23 left). The 
characteristic intensity profiles I(q) are calculated from the azimuthal averages of the 
2D scattering profiles (Figure 23, right)  
         
Figure 23. Left: Schematic representation of the scattering vector q of a SANS experiment, 
described by the of the incident wave vector ?⃗? 0, transmitted wave vector ?⃗?  and angle θ. 
Right: The intensity profiles I(q) are averages from the 2D detector (indicated in the colors). 
Characteristics of the scattering pattern for large objects are found at low q values and vice 
versa. 
The scattered neutrons are detected at an angle (2θ) and the scattering vector q can be 
calculated with respect the to the incident plane waves ?⃗? 0 and ?⃗?  as follows: 
𝑞 =  |𝑞 | =  |?⃗? 0 − ?⃗? | (23) 
The experimental scattered intensity I(q) is proportional to the number of particles per 
unit volume (N), the form factor P(q) and structure factor S(q).64  
                   𝐼 (𝑞) ∝ 𝑁 ∙ 𝑃(𝑞) ∙ 𝑆(𝑞)     with         𝑁 = Φ ∙ 𝛥𝑝 ∙ 𝑉 (24) 
where N is equal to the product of volume fraction (Φ, unitless), the volume of the 
scattered objects (V, units of cm3) and the contrast term (Δp2, units of cm-4).  The 
structure factor S(q) embodies information about the relative position of scattering 
objects if their emitted oscillations interact with each other. For concentrations below 
c* (equation 28), no interaction of the particles takes place, the structure factor can be 
neglected, and the scattered intensity is equal to the formfactor P(q). Thus, the form 
factor P(q) codes for the information about the particle size, the polymer shape and the 




Figure 24. Scheme of certain ranges of the form factor P(q), which provide characteristic 
information relevant for SCNP analysis.         
Data analysis of SANS experiments focuses on the analytical description of P(q) to 
extract the physicochemical properties of the particles.  
Bragg peaks, used for the analysis of crystalline samples, are found in high q-range of 
the P(q) curve and can be related to the size of amorphous crystals (see indication in 
grey of Figure 25). The analysis of scattering curves from soft matter material in 
solution focuses rather on smaller q-ranges, and the following text focuses on the q-
range below 0.6 Å-1. Conventional plots of the scattering intensity are named after the 
pioneers of small angle scattering like Zimm, Guinier, Kratky and Casassa. These plots 
are applicable for a distinct q-range only.68–70 Figure 25 shows schematically the 
distinct ranges (indicated in different colors) of a the form factor P(q), which are 
relevant for conventional plotting.  The low q-ranges of the P(q) curve (Figure 25, 
red) correspondent to the dimension of whole particles, e.g. the global polymers. Very 
low q-ranges are relevant for the Zimm analysis (indicated in the red underlaid area). 
The Zimm formalism enables to derive the second virial coefficient A2, the absolute 
Rg and weight average Mw (compare to the description in chapter 2.2.3). Alternatively, 
Debye plots are used to determine the Mw and the A2 and the initial slope of Guinier 
plots (ln𝑞 vs. 𝑞2) yield the size dimension (Rg). 
The middle of the considered q-range (Figure 25, green) gives information about the 
shape and conformation of single polymer chains. The conformation of the solved 
polymers can be directly related to the slope of the P(q) curve. The decay of the P(q) 
in the Porod range indicates particles shape; the Porod's law predicts spherical particle 
shape for a q-4 decay under assumptions about the particles surface area.71 Porod plots 
have recently been applied for the assessment of SCNP flexibility.72 
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Kratky and Cassasa plots are applied at rather high q-ranges (Figure 25, blue). Kratky 
plots (q2P(q) vs. q) can reveal the compactness69 of  particles and is useful to 
qualitatively assess the degree of unfolding of proteins.73,74 Kratky plots have been 
applied to the scattering data of SCNPs to confirm the increase of compactness.4,72,75–
78
 Herein, the compactness of synthetic SCNPs was compared to those of intrinsically 
disordered proteins, compact globular proteins or bovine serum albumin (BSA).72,75 
We seek to compare the Kratky plots of a chemically similar system directly (e.g. 
precursor and the correlated SCNPs) for accurate statements about relative changes of 
chain collapse within one polymer system. Casassa plots are suitable for the 
determination of the flexibility of linear chains.70 Plots of the P(q) data of SANS 
characterization is performed in the chapter 3. 
 
Figure 25. Scheme of a scattering curve obtained from SANS experiments. Certain ranges 
of a scattering curve yield characteristic information by conventional plotting within these 
ranges. 
In conclusion, standard plots have validity and therefore significance for a distinct q-
range only. The entire scattering curve can be fitted to form factor models by software 
programs but standard plots are indispensable to choose suitable models. Sophisticated 
physical fit-models provide detailed information regarding the microstructure (e.g. 




2.3 SEPARATION OF SINGLE CHAIN NANOPARTICLES 
The intrinsically disperse feature of macromolecules requires advanced analytical 
techniques to investigate their physicochemical properties. While batch measurements 
deliver only average values, separation techniques investigate ideally uniform 
fractions of a broadly distributed sample according one attribute of the polymer 
heterogeneity like the size, the architecture, or the chemical composition. Liquid 
chromatography (LC) is a reliable and robust standard method for polymer separation. 
LC separates dissolved particles via the interaction with a stationary phase whilst 
carried in the solvent (referred as mobile phase). The interaction between the stationary 
phase and the solute can be of ionic, entropic, or enthalpic character, enabling to 
separate according to ion-strength, the adsorption behavior, or the size of the particles. 
The first part of this subchapter introduces a column-based technique, namely Size-
exclusion chromatography (SEC). Other modes of LC go beyond the scope of this 
thesis and are not discussed.  The principles and limitations of SEC separation are 
introduced, followed by an essay about instrumental and analytical solutions for SCNP 
analysis. The strategy of multi-detector coupling is discussed, which is essential for 
SCNP analysis. An overview of highly relevant parameter for the in-depth 
investigation of SCNPs via SEC is given, which goes beyond conventional SCNP 
analysis. Thereafter, an alternative and SEC-opposing technique with novelty value 
for SCNP analysis is introduced, namely the asymmetrical flow field-flow 
fractionation (AF4). Finally, SEC and AF4 are compared regarding their aptness of 
SCNP characterization. This subchapter is about the fundamentals, whereas recent 
reports of SCNP analysis are discussed in the literature review (chapter 2.4). 
Fundamental physics background is given in chapter 2.2. 
2.3.1 Size Exclusion Chromatography  
Size exclusion chromatography separates dissolved particles according to their 
hydrodynamic size, whilst passing through a column packed with a highly porous 
stationary phase.79–81 The particles steadily migrate into a certain fraction of the 
available pore-cavities and thus access a different pore volume. Particles of a small 
hydrodynamic size have access to a higher pore volume, therefore small particles are 
retained longer in the column than larger polymers, which can only diffuse into a 
limited fraction of the pore volume. Thus, large particles elute faster or at a lower 
elution volume Ve (Figure 26, left, bottom chromatogram, particles sizes are indicated 
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in the size of the grey dots) and the hydrodynamic size Vh is considered proportional 
to the elution behavior (Vh ≈ Ve). Generally, the pore-size of the column material limits 
the size range of the particles, for which SEC separation occurs (Figure 26, indicated 
in blue). Particles larger than the maximum pore size cannot penetrate any pores and 
elute unretained with the void peak (exclusion limit) whilst particles smaller than the 
smallest pore size are below the permeation limit.  
The molar mass and its distribution define the properties of polymers rather than their 
hydrodynamic size. The standard approach for molar mass determination is a 
calibration curve, obtained from the elution behavior of multiple mass-defined 
polymer standards of narrow distribution (Đ ≈ 1, see Figure 26, three peaks indicate 
three standards) or a single sample with well-determined broad distribution. The 
detection of the specific elution times via concentration dependent detectors enable to 
plot a linear regression of the elution volume Ve vs. the molar mass Mx of the standards 
(Figure 26, pairing Vx, Mx).  Conventional standards like polystyrene (PS), or poly 
methyl methacrylate (PMMA) are most frequently applied in routine experiments. 
 
Figure 26. Working principle of conventional size calibration in SEC, for relative molar 
mass determination. The measured elution volume (Vx) are plotted vs. the known molar 
mass (Mx) of the standards. The selective permeation region (blue) indicates the size limits 
for SEC separation. 
The conventional calibration method is only valid if the same conditions (instrument 
set-up, solvent) apply and identical properties (for example topology, chemical 
composition and polymer sequence) of the analyte and the standard are true.81 Clearly, 
polymers of different composition and conformation might exhibit the same elution 
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behavior as the SEC mechanism separates according the hydrodynamic size only. 
Therefore, conventional SEC calibration is only applicable for the routine analysis of 
homopolymers with the same thermodynamic properties in the corresponding solvent 
of the standard. If the calibrations of standards with sample-deviating composition or 
architecture is applied, misinterpretation of the data is probable. In this work, the 
topology of employed polymer material changes from linear (precursor) to 
intramolecularly ligated (SCNPs), conventional calibration is not applicable for both 
derivatives.  
An improved determination of the molar mass from the elution behavior is possible 
under consideration of the coil density of polymers according Benoit and Grubisic.82  
The authors postulate that the intrinsic viscosity []  and the molecular density (R3/M) 
correlate directly, if corrected by a constant (2.5∙1023 mol-1).83  This theory anticipates, 
that this constant is universal for different polymer architectures along the elution 
profile (Figure 27).82  
 
Figure 27. Schematic representation of the Universal calibration proposed in the seminal 
paper of Benoit and Grubisic.82 The logarithm of the product of the intrinsic viscometry [] 
and the molar mass M is plotted as a function of elution volume Ve of samples of different 
polymer architectures and compositions. 
This assumption is based on the Flory-Fox relation (equation 25), where the Flory-Fox 
parameter F replaces the universal constant.84  




The Flory-Fox parameter is sensitive to the topology of the polymer, which in turn is 
sensitive to the solvent conditions.85 The Flory-Fox parameter adopts e.g. 
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F = 2.86∙1023 mol-1 for random coils of linear chains.83 However, the theory of the 
universal calibration applies for good solvent conditions83 and for polymers of 
moderate architecture, resembling a statistical coil under good solvent conditions.85 
The applicability for very compact polymers (like SCNPs) is limited and e.g. a 
function of the branching density according to branching theories.85,86 Thus, use of the 
universal calibration is not eligible for the investigation of the architectural switch 
between the linear precursor and the tight crosslinked SCNPs. The Flory-Fox 
parameter for very dense particles (resembling solid sphere behavior) differs 
significantly from the universal constant and the validity of the universal calibration, 
as originally proposed by Benoit, fades. 
However, the assumption of the proportionality of Vh and Ve is only valid if the 
separation is purely entropically driven. It is not trivial to obviate any enthalpic 
interaction between the stationary phase for both the precursor and the SCNP, as the 
folding process entails functional group conversion. Hence, if the precursor polymer 
did not experience enthalpic interactions with the stationary phase, the SCNP might 
behave differently and vice versa. Therefore, the chemical group transformation of the 
crosslinking centers may be detrimental for the SEC separation mechanism. The 
interaction of particles with the column material leads to retardation or in worst case, 
irreversible adsorption on the column material. Irreversible adsorption is indicated in 
low mass recoveries. If column-interaction is e.g. true for SCNPs, their elution 
behavior is impacted by the hydrodynamic compaction and the entropic retardation, 
which leads to misinterpretation of the extent of the relative peak shift with regard to 
the starting material (Figure 26). This non-ideal scenario of the separation mechanism 




Figure 28. SCNP formation is ideally monitored by a shift of the SCNP trace in the 
chromatogram towards lower retention volume (with respect to the starting material), 
resembling hydrodynamic compaction as shown in the middle. The functional-group 
conversion upon folding may lead to enthalpic interactions with the stationary phase for 
the SCNP if ideal separation mechanism is true for the precursor (right figure) or vice 
versa. 
Less often considered than entropically prevented ideal separation mechanism in 
SCNP research is the possibility of anchoring effects during SEC characterization. 
Anchoring effects are possible due to enthalpic particle-column interactions, 
resembling chain entanglement. This scenario of entanglement87,88 is probable for 
segmented polymer architecture, likely for pearl-necklace89 morphology of SCNPs. In 
this scenario, polymer segments entangle inside the pores of the stationary phase 
(Figure 29) and thus mitigate ideal entropic diffusion behavior. Consequently, large 
and entangled polymer coils are retained, and misinterpretation similar to the enthalpy-
based retardation is looming. Figure 29 visualizes the possible scenarios of non-ideal 
separation mechanism for precursor or SCNPs, respectively. Notably, the hypothesis 




Figure 29. Scheme of possible scenarios during SEC analysis in the course of SCNP 
folding. The ideal SEC mechanism is schemed for the precursor (Vh ≈ Ve, middle), 
retardation of the SCNP is a possible scenario due enthalpic interaction caused by 
transformation of the ligation centers (right, attractive interaction between the particles 
and the column material is indicated by arrows). Similarly, undesired entropic retardation 
upon chain-entanglement in the pore cavities is a possible scenario for segmented SCNP 
architecture (left).  
In conclusion, SEC characterization of SCNPs is complex, considering the chemical 
and structural transformation of the small particles. SEC standard or universal 
calibration are not reliable for molar mass determination of SCNPs considering the 
morphological changes and separation mechanism (enthalpic interaction or entropic 
entanglement, Figure 29) upon SCNP folding. 
The most accurate molar mass determination is the online analysis of the absolute 
molar mass of SCNPs, facilitated by the coupling of mass spectrometry (MS) and multi 
angle static light scattering (MALS) instruments. Chapter 2.4.3 highlighted that MS 
analysis goes beyond absolute mass determination, though is limited to short chain 
lengths. The approach of MALS coupling is frequently applied, as it operates for in a 
much broader molar mass range. SEC-MALS coupling is usually installed as an 
integral part of a multiple detector set-up. The flow-linkage of multiple detectors after 
the size separation techniques is and is critical for SCNP characterization.5,90–92 The 
use of detectors with orthogonal physicochemical principles facilitate to determine 
several types of distribution, can unravel coelution of polymers and thus tackle the 
complexity of SCNP samples. Herein, information-rich and robust polymer 





2.3.2 Online Detector Couplings 
The coupling of advanced and multiple detector instruments to separation techniques 
provides a more comprehensive characterization of the fractionated sample. One 
example is given by the application of size exclusion chromatography (SEC) coupled 
to online refractometry (dRI), light scattering (MALS), viscometry (VS), and UV/Vis 
spectroscopy (UV) for the characterization of complex (bio)polymers by Hartmann et 
al.93 The authors highlight the aptness of the dRI-MALS-VS-UV coupling to study the 
molecular properties, such as the protein size or shape. Furthermore, the aggregation 
behavior was monitored, which facilitated the assessment of therapeutic potential of 
antibodies. Rather limited but analytically highly valuable are the examples of quasi 
elastic light scattering (QELS) instruments in similar detector essays, like applied by 
Rowland and Striegel for poly(acrylamide-co-N,N-dimethylacrylamide) copolymers 
of modified composition.80 This quintuple detection (SEC-dRI-MALS-QELS-VS-UV, 
short SEC-D5) facilitated online-characterization of the chemical heterogeneity, the 
average and distribution of the molar mass and the conformation of the copolymer. 
The authors highlighted the mutual corroboration of the results, which enable to derive 
the fractal dimension, independent measures of polymer dimension and the persistence 
length in a "all in one" analysis. Both examples show the potential for SEC-D5 
characterization for both biopolymers (which SCNPs mimic) and synthetic polymers. 
Due to the great relevance of this approach for in-depth investigation of SCNPs, the 
set-up of the SEC-D5 is explored in greater detail. The introduced detectors can be 
categorized in chemical (dRI, UV; sensitive to the composition of the polymers) and 
physical (MALS, QELS, VS; yielding information about the polymer dimension) 
detectors. The outcome, the benefits, and the limits of each detector are discussed in 
the order of increasing complexity. A complete D5 set-up is finally expounded. The 
relevance of the results for SCNP characterization are highlighted at the end of the 
subchapter. Notably, the theoretical fundamentals are relevant for this section are 
given in chapter 2.2. 
2.3.2.1 Concentration Sensitive Detectors 
Typical routine experiments are performed by basic online 
dRI detection (SEC-dRI) and the use of calibration standards 
for data analysis.94 Online refractometry (dRI) enable 
quantification of the analyte by use of the optical contrast  
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(dn/dc) in solution. The higher the concentration of a polymer in solution, the more its 
refractive index differs from the refractive index of the neat solvent and the higher its 
signal. The dRI detector is sensitive to the incident wavelength and highly sensitive 
towards changes in solvent composition (if affecting the dn/dc), pressure, and 
temperature. The requirement of relatively high analyte concentrations is the reason 
for the conventionally injected sample load of at least 1 mg mL-1. The dRIs unspecific 
response detects all components and changes of chemical composition of the polymer 
must be addressed with other detectors. Molar mass dependency of the dRI detector is 
true in the oligomer range only, when endgroup concentration becomes relevant.95 
The refractive index increment (dn/dc) of the analyte 
solution is considered of similar relevance as the extinction 
coefficient  for UV/Vis spectroscopy. In analogy to the dRI 
detector, the UV detector is sample-, solvent-, wavelength-, 
and temperature-dependent. Variable wavelength UV/Vis detectors measure the 
concentration of functional groups with distinct  based on the Beer–Lambert’s law 
(equation 8). Next to the concentration sensitive detectors (dRI and UV) it is advisable 
to make use of molar mass, size, and conformation sensitive detectors, such as the 
MALS-, QELS- or viscosity-detectors.  
2.3.2.2 Online Light Scattering Detectors (MALS, QELS) 
Online multi-angle light scattering (MALS) detectors enable 
the determination of the absolute size, molar mass and 
molecular conformation of polymers in solution. The MALS 
technique facilitates the measurement of the weight average 
molar mass (Mw) for both isotropic and anisotropic scattering 
particles and the radius of gyration (Rg) for anisotropic scattering particles (as 
described in more detail in chapter 2.2.3). The absolute determination of mass and size 
is crucial for the correct interpretation of SCNP collapse. Information about the 
conformation is given by the scaling exponent  derived by the slope of the 
conformation plot, defined in equation 26 and schemed in Figure 30 (right). 
𝑅𝑔 = 𝐾𝑀
𝜐 (26) 
were K is a constant. Furthermore, the apparent density dapp is accessible under the 













3  (27) 
Hence, the dapp can be correlated to the particle’s conformation (resembling ). The 
results of the Rg and Mw enable the determination of the overlap concentration or 
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 (28) 
If the concentration exceeds c*, chains start to overlap, thus form a transient 
interpenetrating network. Thus, diluted conditions (c < c*) to are required for SCNP 
synthesis to multi chain nanoparticles (coined MCNP). 
A particular advantage of online-MALS detection for SCNP analysis lies in its 
sensitivity towards high molar mass particles, thus revealing undesired side reactions 
of multi-chain aggregation.90 MALS characterization is challenging for samples of low 
optical contrast dn/dc, as this value contributes to the square to the scattering intensity 
and thus, to the molar mass. In the worst case of isorefractometry (as probable for 
employed fluoro-organic compounds in this work), molar mass determination via 
MALS technique is not possible.1 Generally, the molar mass determination by MALS 
technique is only reliable for polymers which exceed 20 nm in diameter, which is 
larger than most of the reported SCNP sizes.96 As the Rg is calculated via angle 
dependency of the scattering intensity (described in chapter 2.2.3) the calculation of 
the Rg is impossible below the isotropic scattering limit. Angular-dependent scattering-
behavior (anisotropy) is only true for particles larger than 1/20th of the wavelength of 
the incident laser light of the MALS instrument (for red laser ~ 650 nm). The 
determination of the polymer dimension (Rg) is sensitive to the data-quality of recorded 
scattering intensity at low scattering angles, resembling the number of photodiodes 
mounted (see chapter 2.2.3). Even more, monitoring the absolute size-change upon 







In contrast to MALS, QELS facilitate the hydrodynamic 
radius (Rh) determination of particles of only a few 
nanometres in size. Only limited forms of in-batch auxiliary 
precision analysis are capable of characterizing SCNPs 
beyond their hydrodynamic radii.97–99 The QELS technique 
records the time-resolved change of the scattered light intensity or the diffusion 
coefficient, respectively (see chapter 2.2.3 for physical principles). On one hand, the 
size-determination via QELS is comparably uncomplicated and robust in comparison 
to the size-determination of the MALS technique, as only few parameters need to be 
determined (see the Stokes-Einstein equation 15). On the other hand, the Rh is 
somehow a stand-alone measure as it cannot be related to the molar mass of the 
polymers, like possible for the size-determination of via MALS technique. 
The hyphenation of QELS detectors is significantly more powerful if coupled to a size 
separation technique, as the detector is highly sensitive to large particles like multi-
chain nanoparticles (see chapter 2.2.3). Thus, the analytes are fractionated according 
to the size and the misinterpretation from coexisting size-populations is obviated, in 
contrast to batch DLS. The hyphenation of both light scattering techniques (MALS 
and QELS) reveals the generalized ratio  = Rg/Rh, which yields essential information 
about the polymer architecture (see discussion below and Figure 32).100 Furthermore, 
MALS/QELS coupling facilitates the evaluation hydrodynamic densities of modified 
scaling plots (log Rh vs. log Mw)  or apparent densities for polymers below the isotropic 
scattering limit.  However, the size determination via QELS technique requires high 
sample concentration to achieve sufficient signal intensity and QELS measurements 
are known to suffer from the downstream dilution of separation techniques. Online 
QELS is a rarity to date due to the adverse effects from downstream dilution and high 
equipment cost.80,101 
In conclusion, light scattering techniques MALS and QELS are limited by the 
wavelength of the laser-beam, the particles size, and the optical contrast (dn/dc) of the 
sample. Most factors stand against the properties of SCNPs (especially their small size) 




2.3.2.3 Online Viscometry 
Online viscometry (VS) offers a robust and highly reliable 
alternative technique for size-determination. The measuring 
principle of VS, the pressure difference between the pure solvent 
and the sample (details are explained in chapter 2.2.2), is robust 
if compared to LS techniques. The obtained intrinsic viscosity [] is specific for the 
conformation, the compactness, the dimension and the architecture of the polymer at 
the specific solvent conditions (e.g. temperature) and molar mass. Thus, the online 
viscometry is an indispensable tool for the analysis the size and the conformation of 
polymers, especially if size- and conformation-analysis of the MALS technique suffers 
from isorefractometry or isotropic light scattering behavior.  
The VS-analysis is unaffected from isotropic light scattering behavior or 
isorefracometry, as a viscometer measures the rheology in solution. This fact justifies 
“orthogonal” character of VS to optical detectors (QELS, MALS, dRI). For this reason, 
online viscometry is the method of choice for characterization of very small polymers 
with a radius below 10 nm. If compared to light scattering methods, VS facilitates the 
precise determination of the polymer size for a large dimension-range. The viscometric 
radius Rη is a valuable reference to QELS results of hydrodynamic radii, which suffer 
from downstream dilution. Like the scaling plot (log Rg vs. log Mw) applied in SEC-
MALS analysis, SEC-VS facilitates the characterization of the polymer conformation 
by Kuhn-Mark-Houwink plot (see Figure 30). 
The previous paragraph showed that the thorough selection of online detectors unlock 
to analyse the shape, the composition, the conformation, the density, various measures 
of size and the molar mass of ideally to uniformity separated polymer fractions. 
Furthermore, plotting of characteristic parameters (e.g. Mw vs. Ve) enables the 
verification of ideal separation conditions. If ideal SEC conditions are given, non-
enthropic retardation scenarios can be excluded and the assumptions of SEC separation 
hold (Vh ∝ Ve). 
2.3.2.4 Quintuple Detection: Application to SCNP Analysis 
The expected change of conformation, density and chain topology along the SCNP 
synthesis can be well monitored via introduced multiple online detection (SEC-D5) 
set-up. The information-rich analysis facilitate a comprehensive description of the 




obtained from VS and MALS) or in form of generalized ratios, which are defined for 
a distinct molar mass. 
Change of Conformation 
The possibility to plot several parameters against each other (e.g. double logarithmic 
plot of Rg or [] vs. the Mw) reveal information about the chain conformation. Figure 
30 shows the expected Kuhn-Mark-Houwink (KMH) plot (log [η] vs. log Mw) and the 
conformation plot (log Rg vs. log Mw) if applied to SCNP characterization. 
 
Figure 30. Comparison of a Kuhn Mark-Houwink (left) and a conformation (right) plot as 
expected for linear precursor (black) and the collapsed SCNP after folding (blue). 
The decrease of both conformation – indicating slopes in Figure 30 enable quantitative 
assessment of the chain contraction (it is referred to the values of  and  in the tables 
of Figure 30). Interestingly, Plueschke et al. observed, that the conventional linear 
correlation between the dimension (Rg) and molar mass (Mw) fades for very compact 
polymers of high molar masses, indicated by asymptotic scaling plots in the high molar 






The reduction of size due to topological changes of polymers is observed for polymer 
branching, and frequently described by the contraction factor. This term considers 
originally the contraction without change of molar mass. However, following the fact 
that SCNPs have a smaller dimension as the precursor of the same degree of 
polymerization (DP), the chain collapse upon folding can be estimated by the 








As described above, the intrinsic viscosity is generally easier measure than e.g. the Rg. 
The contraction factor g` (viscosity model) is defined in analogy to g and valid by the 







This expression is useful if the Rg is not accessible and in general, it is based on the 
reliable value of the [η]. Values of the contraction factors g and g' range between 0 and 
1, where 1 indicates no contraction.101 Thus, one anticipate a significantly smaller 
value than 1 for a significant chain collapse. Figure 31 points out the high reliability 
of the average contraction factors if calculated from online data, as the data from 
selected peak-ranges of the Rg or [η] can be employed for their calculation.  
 
Figure 31. The calculation of the contraction factor as reliable parameter for the evaluation 
of the intrachain contraction from precursor (black) to folded SCNP (blue). The contraction 
factor is calculated from the average values for the selective peak range (non-dotted range). 
If both contraction factors ( g and g' ) are accessible, their correlation can reveal further 




The relation of the hydrodynamic and 
geometry expressions of radii to each other 
yield further information about the shape of 
dissolved particles (Figure 32).80 The 
-parameter (also known as the Stokes ratio72) 
indicates the mass distribution with respect to 
a hydrodynamic sphere (equation 31). Thus,  = 0.778 indicates the shape of a 
homogeneous hard sphere and an extended chain in a good solvent adopts  = 




  (31) 
The -parameter is a descriptor for the hydrodynamic draining, the segment density, 
or the topology of the polymer in solution.58 The -parameter (equation 32) is the 






An overview of the primary measures and indirect parameters from a quintuple 
detection (D5) is given in Figure 33, including theories relevant for calculation (green) 
and indication of assumptions (dotted lines). The determination of the absolute molar 
mass (Mw), the radii of viscosity and gyration (R and Rg), the hydrodynamic radius 
(Rh), and the intrinsic viscosity [] enable to derive the apparent density dapp and the 
generalized ratios (contraction ratios g and g´, as well as the characteristic ratios  and 
) In addition, generalized ratios can be plotted against the molar mass for in-depth 
topological studies.101 Complementary scaling approaches can be addressed to derive 
information about the conformation in solution ( ).  
 
Figure 32. Characteristic ratios 




Figure 33. Overview of primary measures (framed), important theories (underlaid in green) 
and secondary parameters accessible from a D5 detector characterization of polymers. 
Dotted lines underline the assumption of spherical particle shape. Remarkable 
dependencies of the detector signal are given in blue. 
The information obtained from online D5 is highly eligible to monitor the contraction, 
the changes in the conformation, and the polymer density upon folding from linear 
precursor to crosslinked SCNPs (see project 1). Figure 33 assist for a guiding 
overview of project 1. 
2.3.2.5 Summary: Set-up and Measures of Online Detection 
After the overview of data-evaluation, the 5D set-up is briefly introduced. Figure 34 
shows a scheme of quintuple online detection after liquid separation (LC-D5), 
covering UV/Vis spectroscopy (UV), refractometry (dRI), multi-angle static light 
scattering (MALS), viscometry (VS), and quasi-elastic light scattering (QELS) 
instruments. The order of the detectors aids the maximal reduction of pressure-
fluctuation for the most pressure-sensitive dRI detector. The VS detector is coupled to 
the end of the series due to the diluting capillary geometry of the viscometry detection 
(see chapter 2.2.2). Primary values are assigned in bold next to the corresponding 





Figure 34. Scheme of the quintuple detection (D5) set-up, consisting of the separation 
instrument and five coupled detectors. Important obtained values are assigned next to the 
corresponding detectors. 
Quadruple detection (D5) facilitated for the comprehensive analysis of complex 
polymers by hyphenation to the alternative separation technique AF4 as well.103 The 
multiple detection possess the same validity for other size-separating methods, like the 
flow-based technique introduced in the following chapter. 
 
2.3.3 Field-Flow Fractionation (FFF)  
The previous chapter outlines some delicate limitations of column-based separation 
for SCNPs analysis. This chapter introduces an alternative advanced separation 
method, the field-flow fractionation, which has great potential for SCNP 
characterization. The introduced D5-detector coupling is indispensable for the 
interpretation of this flow-based method, as calibration is not reasonable or only 
applicable in exceptions. The principles of data interpretation of D5 coupling are valid 
for this separation technique as well. 
From the start of AF4 development, FFF-MALS-dRI was already successfully applied 
in morphological studies e.g. elucidating  the shape and flexibility of pullulan, or the 
dimension and molar mass of polystyrene-based dispersions.88,104 Using water as 
solvent, AF4 facilitated already complex analysis of natural polymers (e.g. proteins 
and polysaccharides) when SCNP-design was in its infancy.105 Since, the potential of 
AF4 for the separation and the characterization of polymers and colloidal particles 
gained increasing attention and expanded from their originally most frequently use in 
the field of food macromolecules.106 Field flow fraction (FFF) tackles the challenges 
of the analysis of higher dimensional soft matter materials with sizes exceeding the 
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exclusion limit of SEC (Figure 26). FFF is suitable to analyse very large particles like 
dendronized macromolecules, or giant polymersomes.107,108 Thus, the power of the 
multi-detector analysis to determine the polymer molar mass, the dimension and the 
topology are expanded to polymer assemblies. 
FFF is a column-free, flow-based technique and separates the analyte by exposure to 
an external field. The external separation force can be realized in different modes e.g. 
via electrical fields or sedimental fields (Figure 35), thermal and cross-flow.109 Each 
strategy comes with their individual advantages and limitations.110 
 
Figure 35. An overview of modes for Field-Flow Fractionation (FFF), which differ in the 
separation mode according the applied external field. Sedimental FFF and Centrifugal FFF 
are less frequently applied (grey), AF4 is discussed in this work. 
However, the most frequently used techniques are asymmetric flow FFF (AF4) and 
thermal FFF (ThFFF). This section focuses on the working-principle of AF4, is applied 
for the first time for the characterization of SCNPs in chapter 4.  
2.3.3.1 Asymmetrical Flow Field Flow Fractionation 
Asymmetrical flow field-flow fractionation (AF4) is a separation method of wide 
scope and application. This flow technique evolved to a versatile, gentle (minimal 
physical stress) and size-tolerant fractionation method within the last decades.111 AF4 
technique is frequently used for separation of proteins, as it allows to work under 
physiological conditions, and the separation of a large size-range of probed particles 
is possible. Moreover, AF4 is eligible for the separation and characterization of 
therapeutic proteins, metallic or polymeric nanoparticles, biopolymers, emulsions, and 
liposomes.111 The AF4 technique separates according to the diffusion properties, as 
particles are exposed to two tuneable flow fields within a flat channel. The flow fields 
are applied along (channel flow) and perpendicular (crossflow) to the flat channel, 
generating a parabolic flow profile (Figure 36). A trapezoidal geometry of the channel 
compensates for the constant reduction of the flow volume and the dilution of the 
analyte, which are a consequence of the cross flow. A spacer of a typical thickness of 
0.1 to 0.5 mm separates the upper, impermeable plate from a bottom plate. An 
ultrafiltration membrane covers the bottom plate of porous frit material (Figure 36). 
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The choice of the molecular weight cut-off of the ultrafiltration membrane facilitates 
to tune the lower limit of probed particle size (< 5 kDa) or to exclude small molecules 
completely from AF4 analysis. Thereby, a large size range (ca. 2 nm -  1 µm)  of 
particles can be probed and it is possible to study dissolved and also dispersed 
particles.112,113 Although AF4 is frequently used for separation of proteins, the 
technique is limited for the analysis of very small polymers (< 5 kDa) by the limited 
cut-off of the employed membrane.105,114–116  
 
Figure 36. Left: Separation principle of Asymmetrical Flow Field-Flow Fractionation 
(AF4). Right: Expected elution order for FFF fractograms; small particles elute prior large 
ones. 
Based on the parabolic profile of flow velocities (indicated via arrows in Figure 36), 
the highest flow rate is true at the center of the channel. Particles close to the channel 
wall are transported slower than those in the middle of the channel. Perpendicularly to 
the channel flow, the external field force (crossflow) is applied that counters the 
Brownian motion of the particles. The crossflow (Figure 36, indicated in orange) 
drives the particles towards the bottom wall, which is therefore often named 
accumulation wall. Depending on the diffusion coefficient, the analyte diffuses back 
against the external field and equilibrates in regions of higher flow velocities. Herein, 
smaller particles (with high diffusion rates) accumulate in the flow-layers at the center, 
where the longitudinal flow is faster and elute prior large ones. Large particles 
equilibrate towards slower flow-layers close to the accumulation wall. The equilibrium 
position enable a diffusion associated separation according to the hydrodynamic sizes 
of the particles (Figure 36), which is in direct correlation with the diffusion coefficient 
D (equation 15).  
An AF4 fractionation comprises at least the injection/focussing step and the elution 
step (Figure 37). The sample is injected during the focusing step, where a flow from 
the inlet port towards the accumulation wall is applied only. This is realized by an open 
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state of the focus-flow inlet and the injection-inlet, whilst the outlet is closed (valves 
are indicated in Figure 36). The focusing step enables for a concentration of the sample 
towards the bottom of the channel and is often continued after quantitative sample 
transfer (see Figure 38, red areas). The particles equilibrate according to their 
hydrodynamic size along the height at the starting point of the channel during the 
focusing step. The change to the elution mode is realized by switching off the focus 
flow and opening the outlet valve, allowing the flow to exit along the detector 
connection. The particles are fractionated according to the applied crossflow (elution 
mode, indicated in green in Figure 37). The eluting fractions are analysed after 
separation according to their hydrodynamic size by the coupled detectors. 
The manipulation of the flow-programme (isocratic, gradient, …) is a powerful tool to 
optimize the separation power. Sophisticated gradient methods facilitate fine-tuned 
flows for complex samples. For isocratic methods, the separation power is rather 
straightforward determined by the ratio of the crossflow to the laminar flow. The 
following figure exemplifies an isocratic flow method (Figure 37, left) and shows the 
obtained flow profile (Figure 37, right) as employed in this work.  
 
Figure 37. Schematic representation of an isocratic flow method (left) and the obtained 
flow profile of an AF4 experiment. 
 Once the method is established, frequent meantime measures of blank baselines are a 
prerequisite to perform reliable data evaluation. Blank baselines are recorded by 
injections without any sample and under the same conditions as sample runs. 
According to the nature of FFF, predetermined changes in the flow rate and 
irreproducible minor flow changes (caused by temperature etc.) may cause baselines 
drifts. Blank runs model the on-time changes of the baseline more accurate than 
software-based baseline subtraction but entail high solvent consumption. The data 
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evaluation of the multiple detector-coupling becomes rather tedious, considering that 
the baseline subtraction may need be performed for each detector signal.  
Applications of AF4 characterization 
An overview of the applications of AF4 to food-molecules113 or in field of 
nanomedicine117 indicate the vast aptness of this techniques in industry and science. 
Exploiting the ultra-filtration effect of AF4 during the focussing phase, Boye and 
colleagues performed a quantitative determination of non-complexed dyes in dye–
polymer complexation studies.118  The separation and independent analysis of small 
molecules and larger particles promises yet undiscovered opportunities for SCNP 
analysis. If e.g. each ligation event releases one small molecule, quantitative 
information of the progress of folding can be derived. Recently, AF4 fractionation 
coupled to MALS and QELS (AF4-MALS-QELS) essentially enriched morphology 
studies of polymeric micelles via SAXS technique.119 The characterization provides 
structural information of the nanocarrier upon loading with the hydrophobic drug 
paclitaxel. Similarly, AF4 technique was employed for the size-based fractionation of 
doxorubicin liposomal formulations.111 Gathered results of AF4-UV-MALS and 
batch-QELS analysis displayed the conformation and density as well as size-
subpopulations of exosomes via AF4, which is of critical importance for their 
therapeutic applications.120 Similarly, AF4 characterization facilitate a reliable 
assessment of protein self-association, facilitating to assess their suitability for 
therapeutic applications.121 Coexisting fractions of monomers, low molecular weight 
aggregates and few percent of aggregates (>1 million Dalton) of immunoglobulin 
(Antibody A) were readily determined via AF4. This example highlights the 
applicability of the AF4 method for SCNP analysis, as it promises to reliably monitor 
undesired multiple chain formation. A stand-alone example of a hyphenation of 
small-angle X-ray scattering (SAXS) to AF4 is reported in application to  
superparamagnetic nanorods.122 The rod lengths increased with increasing 
fractionation time from 7.0 to 30.0 nm, which notably covers the size-range of 
conventional SCNPs.123 Upon that, AF4 shows great potential to investigate 
purposeful designed multimeric SCNPs assemblies with non-covalent folding motifs. 
Seeking to replicate quaternary protein structures, versatile morphologies of SCNP 
assemblies were developed, like the tadpole-shaped SCNP.124–128 Zhang et al. 
employed e.g. a pH-sensitive crosslinker, inducing both reversible SCNP intrachain-
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collapse and tadpole-shaped SCNP self-assembly.124 Obtained sizes of the multimer 
structures were derived via offline DLS, as it is impossible to investigate the 
superstructures (here: hydrodynamic diameter of 245 nm) via SEC. Thus, AF4 
characterization is a viable option for tadpole-like SCNP multimers. 
It should be noted that at least half of the scientific discussion of AF4 studies focus on 
the optimization of the flow method itself, indicating the complexity of parameters 
until optimal FFF separation is established. A review of Williams  et al. sheds light on 
the challenges that are being addressed in analyzing nanometer-sized sample 
components.129 Kassaleinen et al. provide guidelines for optimal flowrates in order to 
minimize adverse effects from membrane adsorption, established via UV detector 
based recovery rates of bovine serum albumin.115 The vivid scientific exchange about 
flow-field optimization indicates also the potential of flow-control for complex 
polymer samples. We anticipate optimal flow conditions of AF4 fractionation are 
suitable for the powerful of samples of a certain molar mass range (20 – 100 kDa) and 
hence obtain comparable results. Therefore, AF4 is employed in this work. 
2.3.4 Comparison of AF4 and SEC for SCNP analysis 
The discussed above, SEC is the dominant technique for validation of the 
hydrodynamic chain collapse upon SCNP synthesis. Alternative, advanced flow-based 
separation was introduced (AF4) with this work. 
Based on previous discussion, we juxtapose SEC and AF4 (both relevant in this work) 
and compare the techniques regarding their applicability for SCNP separation. 
Evidently, the elution order of particle sizes, if characterized via AF4 fractionation or 
SEC chromatography, justifies the term of “opposing” separation techniques. Figure 
38 schemes the expected elution behavior of precursor and SCNPs for AF4 and SEC 
as well as the trends of molar masses along the elution profile.  According to the 
opposing separation mechanisms for SEC and AF4, possible multi chain nanoparticle 
(MCNP) side-products elute prior the precursor in SEC and in AF4 vice versa. 
Therefore, a complementary assessment of possible MCNP formation is given by the 




Figure 38. The opposing elution behavior for AF4 and SEC and the resulting elution order 
(indicated in the dot size) applied to SCNP separation. The linear precursor of a higher 
hydrodynamic size elutes last in the AF4 fractogram, whereas it elutes first in the SEC 
chromatogram. Accordingly, resulting molar mass plots oppose in their slope. 
The most intuitive benefit of AF4 fractionation is the lack of column material, 
inherently adverting any enthalpic interaction between the sample and the column 
material (see discussion around Figure 29). The choice and change of solvents is more 
flexible in AF4 method than in SEC (if a suitable membrane is available), but high 
solvent consumption and an elaborate flow method development must be accepted in 
AF4. Furthermore, the open-channel technique enables a gentle separation, exposing 
the particles to lower shear forces as compared to SEC. This enables the analysis of 
very large or delicate particles or self-assemblies (such as polymersomes and or 
micelles).115 Thus, the application of AF4 characterization  is very promising for 
SCNPs with weak bonds (e.g. non-covalent folding strategies), as exemplary discussed 
for tadpole-SCNPs above. Ideally, low shear rates approximate conditions in batch 
experiments and support for undisturbed chain conformation. Interestingly, Pomposo 
et al. investigated critical flow rates for elastic single-chain nanoparticles, which were 
transported through nanopores via a flow field, and how confinement-effects alter the 
conformation of SCNPs polymers for ultracentrifugation.130 However, we expect that 
significant effects reduced shear forces between SEC and AF4 are only observable for 
very conformable SCNP constructs. 
Furthermore, the size ranges of AF4 vastly exceed those of SEC, facilitating the 
analysis of suspensions without filtration. Filtration of SCNPs is mandatory for sample 
preparation of SEC experiments (or intrinsically performed via pre-columns), possibly 
distorting the true size of SCNPs. Thus, AF4 possesses ability to monitor the size 
distribution without discrimination of aggregates. Alternatively, the co-analysis of 
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very large (e.g. SCNP assemblies) and small analytes (e.g. side products of folding 
reactions) is possible. The elution times of AF4 are evaluated according to physically 
profound model, which is in direct correlation to the hydrodynamic size of the eluting 
species. In contrast, complex pore-diffusion is true for SEC, possibly leading to chain 
entanglements (compare Figure 29).  
While the sample load in SEC experiments is required to be moderate and constant 
(conventionally ca. 1 mg∙mL-1), AF4 facilitates the injection of higher and tuneable 
sample loads. Thus, improved signal-to-noise ratio of online detection is possible and 
especially valuable for online QELS-analysis. Herein, the evaluation of the Rh is 
improved, which elsewise often suffers from downstream dilution after column-based 
separation or from coexisting size-populations in batch measurements.  Of note is that, 
too high concentrations during the focusing phase possibly promote undesired particle-
particle interaction or lead to overloading effects of the channel, which are indicated 
in the MALS signal trace or the mass recovery. As a general obstacle for AF4 
characterization comes the change of channel-flows for pressure sensitive detectors. 
State of the art detectors (especially dRI, VS, see Figure 34) are equipped with 
additional inlets to overcome the pressure problems.62 Hence, examples of AF4-VS 
coupling are rare, but have shown excellent suitability for separation problems which 
cannot be accurately resolved with standard techniques, like the fractionation of high 
molecular weight polyethylenes.131 
The critical comparison of SEC and AF4 separation is discussed in chapter 4 by using 
the same solvent (tetrahydrofuran, THF) for both techniques. The unique combination 
of advanced multiple detection (D5) to both, SEC and AF4, allows for a comparing 
assessment regarding the obtained molar masses, several measures of polymer 
dimensions and the morphology of the SCNPs. This analytical strategy is applied to 
an SCNP library, seeking for a multifaceted monitoring of the folding process. 
Notably, novelty value is given using an organic solvent (THF) as eluent for AF4, the 
coupling of a pressure sensitive viscometer to a flow field technique and generally by 
the characterization of SCNPs via AF4.
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2.4 SINGLE CHAIN NANOPARTICLES – A LITERATURE REVIEW 
This first part introduces the research discipline of single chain nanoparticles (SCNPs) 
in its key concepts and synthetic aspects. As this work focus on analysis, the literature 
review is performed from the viewpoint of SCNP characterization.  
Parts of this chapter are reproduced from Engelke, J.; Brandt, J.; Barner-Kowollik, C.; 
Lederer, A. Strengths and Limitations of Size Exclusion Chromatography for 
Investigating Single Chain Folding – Current Status and Future Perspectives. Polym. 
Chem. 2019, 10 (25), 3410–3425. Copyright 2019 Polymer Chemistry. 
2.4.1 Introduction of SCNPs  
Seeking to mimic precision design of biomolecules in nature, single chain nanoparticle 
(SCNPs) research addresses the ambitious goal for a controlled macromolecular design 
via mastering structure-function relationship (Figure 39).132 
 
Figure 39.  SCNPs mimic biopolymers. 
SCNPs are designed via an intramolecular chain collapse (referred as folding) from 
linear precursor polymer, leading to one-chain nanoparticles of an approximate size 
between 3 and 20 nanometers.12,133–136 The comparably facile fabrication and 
architecture of the starting precursor material facilitates an almost unlimited 
functionality into higher dimensioned SCNP structures. Herein, almost unlimited 
implementation of (in)organic synthetic strategies to SCNP folding is possible. This 
benefit makes SCNPs superior to competing size-tuned nanocontainers from similar 
fields of application like synthetically demanding dendrimers. Today, SCNPs are 
interesting for next-generation applications in the fields of catalysis,4–6,137–140 
microelectronics,7 nano-medicine,8 DNA delivery systems,9 sensors,8 colloid design141 
or imaging agents.142 A special focus on the applicability of SCNPs for controlled drug 
delivery, targeted imaging and protein mimicry is reviewed by Kröger and Paulusse et 
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al.123 whereas Latorre-Sanchez and coworkers provide a comprehensive overview of 
bioinspired applications for SCNPs.143 Recently, Jungfeng et al. highlighted the 
applicability of SCNPs as artificial enzymes and antibodies.132 The first intentional 
synthesis of SCNPs was demonstrated by the Hawker team in 2001 after pioneering 
work of Balmer and Kuhn.144,145 Synthetic approaches for SCNPs have developed 
rapidly, opening multiple pathways for SCNP design.146 The control of the monomer 
sequence, the polymer conformation and the folding reaction resembles the primary, 
the secondary and the tertiary structure of their natural analogs. Thus, both the 
precursor synthesis and the subsequent folding are essential for SCNP design as 
discussed below. 
2.4.2 Synthesis of Single-Chain Nanoparticles  
2.4.2.1 Precursor Synthesis 
SCNP synthesis is conventionally performed via post-polymerization modification of 
the precursor polymer (Figure 40). This two-step approach of SCNP generation from 
monomers, including a polymerization step and a subsequent folding step, forms the 
collapsed nanoparticle as shown in Figure 40. 
 
Figure 40. Schematic presentation of the generation of SCNPs. Precursor are polymerized 
from monomers and transformed via intra-chain collapse (folding reaction) to yield SCNPs.  
The scheme exemplifies the use of an external crosslinker (orange), which reacts with the 
statistical distributed functional moieties (black) of the precursor chain according repeat 
unit folding methodology. 
Hence, the dispersity, the molar mass, the monomer sequence, and the employed 
polymerization technique of the linear SCNP precursor are all critical design 
parameters to consider when planning the synthesis of SCNPs. The precursor should 
ideally possess narrow polydispersity (Đ) and defined sequence of functional groups 
to enable precision design of SCNPs, which is virtually impossible for synthetic 
protocols, but present in nature (e.g. polypeptides).147 The synthetic methods to 
  
67 
prepare well-defined polymer chains has made great progress over the past 20 
years.18,22,25,148 Desired precursor material of high homogeneity and defined decoration 
of functional groups is often performed via controlled polymerization techniques like 
the reversible deactivation radical polymerization (RDRP, see chapter 2.1.1).  
Examples of RDRP polymerization techniques of pseudo-living character used for 
SCNP synthesis consist of Reversible Addition-Fragmentation chain Transfer 
(RAFT)90, Nitroxide-Mediated radical Polymerization (NMP),149 Ring Opening 
Polymerization (ROP),150 ring-opening metathesis polymerization (ROMP)139 or 
Atom Transfer Radical Polymerization (ATRP).151 Chapter 2.1.1 describes the RAFT 
technique in greater detail, as this technique is employed in this work. Interestingly, 
Zhou et al.  employed the RAFT technique for both, the precursor synthesis and the 
chain folding.152 The authors fabricated SCNPs with variable size through tuning the 
parameters of versatile controlled chemical routes (Ring-opening metathesis 
polymerization (ROMP), RAFT and thiol-Michael reaction), which are conventionally 
employed for polymerization.  
The polymerization reaction sets the chain length as well as the chain-concentration 
and position of possible crosslinking moieties. The composition and the chain-length 
sequence of the precursor has essential effect for the microstructure of collapsed 
SCNPs. More precisely, the precursor design facilitates to tune the intra-chain loop 
lengths of the folded SCNPs, resembling the macromolecular density. The distribution 
of functional groups along the precursor chain along with the folding methodologies 
can be further categorized. The ‘selective point folding’ methodology focuses on a 
more precise cavity design by sequence defined SCNPs (Figure 41).11  
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Figure 41. Synthetic methodologies of SCNP synthesis, coined ‘selective point folding’ (left) 
and ‘repeat unit folding’ (right). Randomly distribution within the precursor backbone is 
characteristic for the ‘repeat unit folding, whereas ‘selective point folding’ possess ideally 
exact positioning of crosslinking moieties. The framed box shows the strategy employed in 
this work, entailing repeat unit folding and the external crosslinker approach.  
The synthesis of sequence-controlled polymers entails sophistic synthetic protocols 
but reward with a higher control about the SCNP architecture.153 In contrast with the 
exacting nature of the sequence-controlled polymers and their subsequent folding the 
‘repeat unit folding’ methodology of precursors utilizing a statistical distribution of 
functional groups. This leads to a less defined SCNP tertiary structure, is synthetically 
less challenging and more frequently used for exploration of new folding strategies. 
The size of the folded nanoparticles is not only effected by the type and concentration 
of crosslinking points,154 and further by the precursors molar mass,11 its solubility155 
and its flexibility.13,72,156 Interestingly, Moreno et al. used molecular dynamics (MD) 
and small angle X-ray scattering (SAXS) to compare the chain collapse of homo-
functional and hetero-functional (e.g. of folding centers of orthogonal functionality) 
SCNPs, demonstrating a more pronounced size reduction in the hetero-functional 
cases.89  Similarly, Perez-Baena et al. concluded that functional group heterogeneity 
leads to more compact and globular SCNPs.157 The flexibility of the overall precursor 
chain has an impact for the efficiency of the SCNP folding, as it impacts the proximity 
of reactive moieties along the chain. In case of pliable chains (e.g. shorter Kuhn 
length), poor solvent conditions further support intramolecular interactions by a 
crumbled chain confirmation. The solvent conditions, synonymous with the 
thermodynamic state of the polymer in solution, is described by the second virial 
coefficient A2, which is a measure of the interaction between the solvent and analyte 
molecules. For good solvent conditions A2 > 0 is true, while for poor solvents A2 < 0 
applies. Poor solvent conditions during the folding reaction are critical to generate 
compact SCNPs as was demonstrated by Rabbel and colleagues.155 Less than ideal 
solubility of the precursor (e.g. negative A2 close to theta conditions) support a dense 
packed random coil conformation of the precursor, thereby enhancing to a more tightly 
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intramolecularly folded SCNP. Such pre-crumpled scaffolds are desired in this work. 
“Prefolding” is a similar term used for metallo-folded SCNPs and describes the 
physical vicinity of functional groups. Prefolding supports efficient intramolecular 
metallo-ligation or a compact SCNP structure, respectively.56,137 In conclusion, the A2  
is a critical parameters for the design of the SCNP microstructure and can be 
determined in static light scattering (SLS) experiments.123  Grillisen et al. referred to 
this parameter when explaining the concentration dependency of hydrodynamic sizes 
in solution.158 
2.4.2.2 Folding Reaction 
The flexibility of synthetic scaffolds available 
for SCNP design lead to a diverse set of folding 
strategies. The growing complexity of the 
macromolecular design is highlighted by 
publications with provocative titles including 
“How far can we push polymer 
architectures?”.148,159 Versatile parameters of 
the folding reaction can be tuned in parallel of 
the employed folding mechanism, with the 
exception of the initial precursor concentration (Figure 42). SCNP synthesis typically 
requires a dilution below the chain-chain overlap concentration, c* (equation 28), to 
mitigate intermolecular cross-linking reactions and multi chain nanoparticles (MCNP) 
side products, respectively. The requirement of standard precursor concentration 
below 1 mg mL-1 during the folding reaction makes the investigation under in-situ 
conditions an unrealistic endeavor for most analytic techniques, and large-scale 
synthesis.160 Other SCNP synthetic approaches required concentrations of 0.1 mg mL-1 
or even 0.0X mg mL-1.126,161–163 Thus, understanding of the folding processes is limited 
to post-folding investigation of purified and concentrated polymer material.164 A 
continuous addition of the precursor, slower than its intrachain collapse occurs, 
remains an exclusive strategy for a scale-up approaches.55 Further scale-up attempts 
make use of steric inter-chain shielding through compartmentalization to brush-like or 
micelle-like conformation.165–167 Such core formation is possible by exploitation via 
electrostatic or hydrophobic motifs of length-defined side groups with respect to the 
 
Figure 42. SCNP synthesis (bottom) 




employed solvent. Thus, inter-molecular interaction is supressed, and significant 
higher precursor concentration is possible.  
Next to the low concentration, a further restriction of the virtually unlimited SCNP 
design emerges if desired crosslinking moieties are incompatible with the employed 
polymerization technique. In this case, protection groups are suitable to chemically 
shield the ligation moieties during the polymerization reaction. Alternatively, the 
external crosslinker (CL) approach allows an addition of folding-inducing moieties 
post-polymerization, and thus an eased synthesis of monofunctional precursor (Figure 
41, framed scheme). However, both CL centers need to be linked to achieve chain 
folding events, resembling a two-step (bimolecular and unimolecular) reaction 
mechanism.168 The attachment of the bifunctional CL to the monofunctional precursor 
limits the reaction rate rather than the loop closing step, benefiting from intrachain 
proximity. Both the concentration and the functionality of external CL contribute to 
the compaction of the SCNPs as discussed by Hanlon et al.169 and applied in several 
other routes of SCNP synthesis.123,170,171  
Leaving general restrictions of the folding reaction behind, additional possibilities of 
chain transformation can be categorized. They can be described from different points 
of view, e.g. from intramolecular bond perspective, from the origin of the newly 
formed bond (external crosslinker approach vs. internal chain functionality) or 
describing the trigger of the bond formation (e.g. thermally or photo-induced). The 
crosslinking bond can be of covalent or non-covalent (e.g. dynamic) nature,172,173 
thereby opening avenues to stimuli-responsive SCNPs.174 Covalently bonded 
nanoparticles can be seen as a network of elastic strands (or intra-chain nanogel), 
which is useful in theoretical considerations of molecular modelling (MD).11 Tuning 
the concentration of the crosslinking moieties (so-called crosslinking density) of the 
precursor is effective for the design of SCNPs.157,175  
2.4.2.3 Triggering SCNP folding 
Most applications of SCNP design discussed in the previous text exemplify 
thermodynamic reaction pathways. In contrast to thermodynamic control, mechanical 
triggers enable temporal control of the SCNP folding. Physical stress-responsive 
moieties are known as mechanophores. Mechanical stress triggered chain-conversion 
of organometallic SCNPs was recently reported by Diesendruck and Feinstein, 
demonstrating instantaneous intra-chain collapse upon Rh-π bond formation and 
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sonification-induced unfolding.160 Whereas mechanophore-decorated material 
facilitates temporal, light-sensitive reaction pathways enable spatiotemporal control.  
Photochemistry developed to an exciting discipline for advanced macromolecular 
design. Light as trigger for reactions facilitates ideally spatial and instantaneous 
control under mild conditions.164,176 The benefits of spatiotemporal control for 
light-triggered SCNP folding was highlighted by Frank et al.53 The authors performed 
light-induced (de)folding of methacrylate based copolymers via intramolecular 
dimerization of anthracene ( = 360 nm) and reversed the ligation partially via 
irradiation with shorter wavelength ( = 254 nm). Similarly, He et al. presented the 
folding  and unfolding of SCNPs by the use of different wavelengths via of 
photodimerization of coumarin moieties.177 Similar chromophores like coumarin are 
employed in chapter 5 for photochemical reaction pathways. The advanced tool of 
photocontrol via sequence-independent and orthogonal ligation chemistry was 
reported by Frisch et al.178 and applied for SCNP design, enabling color coded folding 
selectivity.179,180 
The intrachain proximity of internal crosslinking approaches facilitate maximal 
spatiotemporal control by exploitation of the lifetime of photochemical reactions. In 
case of short exited lifetimes like for triplet states of photocycloaddition reactions the 
non-radiative relaxation (here: the ligation reaction) is favored if photoactive units are 
in reach. Hence, the photochemical group decoration of the precursor chain suppresses 
radiative relaxation, and thus potentially increases quantum yields.181 Other 
approaches of light-tailored SCNP design tune the crosslinking degree via the 
irradiation time. On this pathway, the amphiphilic motif of stilbene-based block 
copolymers was modified and the dynamics of SCNP self-assembly was manipulated, 
generating versatile architectures of SCNP superstructures.182 
In conclusion, the versatile molecular design of SCNP enable tailored 
architectures and functionalities, thus potentiality for various fields of application (see 
above).75 Despite the indicated synthetic flexibility, SCNPs architecture and function 
cannot compete with their natural analogs.164 The growing demand for structural 
precision and diversity for customized applications bring with it the need for equally 
precise analysis, as discussed in the paragraphs below. 
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2.4.3 SCNP Analysis - A Literature Review 
2.4.3.1 Overview of Techniques Applied to SCNP Characterization 
The SCNP formation is confirmed in the evidence of the intramolecular bond 
formation according the folding motive as well as in the morphological change upon 
chain collapse. Most techniques investigating morphology or size cannot provide 
information about the chemical composition, which is essential to justify the success 
of the folding reaction. The most frequently employed technique to monitor the 
volume-collapse upon folding is Size Exclusion Chromatography (SEC). Modular 
hyphenated detectors to this column-based method are termed online techniques in the 
following text. The functional group transformation of the crosslinking points is 
investigated by commonly applied techniques in organic synthesis (Table 1), coined 
offline techniques. Offline techniques are addressed according to the properties of the 
SCNPs. The following table gives an overview of the most frequently applied 
characterization methods for SCNP investigation:  
Table 1. Characterization methods for specific aims of investigations. 
Accessible Property Characterization Method  
Size (distribution) SEC183,184 
Size (microscopy) AFM1,10,185, TEM52,53,186,187 
Size and Morphology 
(experiment) 
SANS, 188 SAXS,189,190 SLS, DLS 191,192 
Viscometry (VS)193 
Size and Morphology 
(simulation) 
Molecular Dynamics (MD)189,194–197 
Chemical composition NMR-, FT-IR-, UV/Vis-,1,54 fluorescence -
spectroscopy10,54,198 
Absolute molar mass SLS, MALDI-TOF, ESI52 
Absolute mass changes ESI-MS97 
Functional group dynamics UV/Vis172,199 
 
Importantly, the chemical group transformation does not demonstrate whether the 
linkage is intermolecular or intramolecular character. Hence, the analysis of the 
crosslinking reaction and the confirmation of the morphological changes must be 
performed in a mutual manner. An accurate trace of any folding process must 
encompass the following information: (i) The change in size must be indicated and 
quantified reliably. (ii) The change in chemical composition (e.g. conversion of 
crosslinking points) must be identified. (iii) The conformation of the precursor and the 
SCNP must be determined appropriately. To monitor the folding concisely, the 
gathered information from (i) to (iii) should correlate to each other.  
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The main techniques and selected examples of applied SCNP characterization are 
discussed below in the order of online (SEC-coupled) and offline techniques (in batch 
analysis). The discussion of less frequently employed methods for SCNP 
characterization techniques like thermal behavior like DSC1 or TGA186  is dispensed 
due to lack of relevance for this work.  
2.4.3.2 Size Exclusion Chromatography for SCNP Analysis 
A typical routine confirmation of SCNP collapse is performed via SEC (theoretical 
background is described in chapter 2.3.1) coupled to dRI detection (SEC-dRI). The 
folding reaction is ideally monitored due to a peak shift towards higher elution 
volumes Ve, resembling the hydrodynamic volume Vh collapse. The primary drawback 
of SCNP characterization via SEC technique is that this method only measures the 
hydrodynamic volume, leaving the internal structure enigmatic. However, the 
assumption of the proportionality of Vh and Ve  is only valid if no enthalpic interaction 
between the stationary phase and the polymer occur, which is not trivial considering 
the functional group conversion of the ligation centers (see discussion in chapter 2.3.1  
and visualized in Figure 28). Even if the ideal separation mechanism takes place for 
SCNP separation further adverse effects must be considered. SCNP possess inherently 
higher complexity than hydrodynamic size distribution. Firstly, the precursor comes 
with a certain dispersity in mass and sequence according the fidelity of the employed 
polymerization technique. Upon that, the folding reaction introduces architectural 
dispersity based on the microstructure of the intramolecular ligations, assuming inter-
chain crosslinking have been adverted along the synthetic route.200 Clearly, it would 
require at least 2-dimensional chromatography coupled to an array of detectors to 
monitor all mentioned distributions – an unrealistic endeavor for routine analysis. The 
online coupling of multiple detectors facilitate more comprehensive analysis of ideally 
monodisperse size-distributions (see chapter 2.3.2). The hyphenating of SEC-dRI to 
further detectors provides insights into the chemical composition and the functional 
group conversion (UV/Vis absorption detector, high resolution electrospray ionization 
mass spectrometry (ESI-MS)) and the size and the conformation (static and dynamic 
light scattering (SLS, DLS) and viscometry). Thus, multiple detector coupling is a 
powerful way to trace manifold changes of structure and chemical composition along 
the SCNP folding route.201 An overview of commonly employed detectors and their 
particularities is given in Table 2. 
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Table 2. Common SEC detectors and their responses. 
 
detector obtained information advantage disadvantage 
dRI mass concentration broad range of 
analytes detection 
pressure sensitivity 
UV/Vis molar concentration high sensitivity requires suitable absorptions 
MALS absolute molar mass (Mw) 
 radius of gyration (Rg) 
conformation () 
high level of 
information 
limited molar mass range, 
expensive 
VS universal calibration,  
KMH slope (α) 
works with smaller 
polymers 
relative method (Mw related) 
DLS hydrodynamic radius (Rh) size information of 
small polymers 
needs high concentration, 
expensive 
MS absolute mass  
(changes of) 
low concentrations 
are sufficient,  
structural insights 
stability and solubility of the 
materials, choice of solvent, 
limited molar mass range 
An emerging setup for SCNP analysis is known as the triple detector system (SEC-
MALS-VS-dRI).52 This set-up is able to analyse the size (Rg), the molar mass and the 
intrinsic viscosity, and secondary parameters like the density and the conformation of 
the nanoparticles is accessible. More advanced multiple detector couplings comprise 
instruments of ideally complementary physical principles (e.g. scattering, rheology or 
spectroscopy) and facilitate information-rich analysis. Online UV/Vis absorption 
detectors or online high-resolution electrospray ionization mass spectrometry (ESI-
MS) detectors provide insights into the chemical composition and the functional group 
conversion within one experiment. Online static or dynamic light scattering and 
viscometry detection are able to determine the shape and the size and the conformation 
of SCNPs.201 The mutual evaluation of data obtained from complementary physical 
principles facilitates to foreclose misinterpretation of the data. The examples in the 
following text show that online detector coupling assists for a more comprehensive 
understanding of the folding process.  
2.4.3.3 Online Trace of the Chemical Composition of SCNPs 
This paragraph shows applications of concentration-sensitive detectors for SCNP 
analysis. The transition from open chain to SCNP can be traced via UV/Vis 
spectroscopy, if the crosslinking moieties exhibit distinct UV/Vis absorption.53,158,202–
205 Frank et al. studied SCNPs that crosslink upon UV-induced photodimerization of 
anthracene – a process that is efficiently monitored via UV/Vis spectroscopy.53 One 
notable application of offline UV/Vis spectroscopy is given by porphyrin-cored 
SCNPs, possessing a folding motif of heme-iron coordination resembling protein 
microenvironments.204 The folding reaction generated various heme species with 
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characteristic spectroscopic attributes. The observed near-UV signatures monitored 
nanoparticle formation and displayed absorbance was in agreement with heme model 
complexes. This example shows the potential of facile UV/Vis spectroscopy to trace 
intramolecular electronic properties metal complexes.206 The implementation of metal-
organic frameworks is in focus of latest SCNP research, as recently emphasized by 
Frisch, Tuten and Barner-Kowollik.164 
Importantly, SEC-dRI-UV facilitates to trace the UV/Vis absorbance in dependency 
of the size distribution. The coexistence of UV/Vis- and dRI detectors facilitate the 
identification of sub-populations (e.g., non-folded or partially folded SCNPs) within 
the elution profile. Such “wavelength orthogonality” applies if chromophores of 
distinguishable extinction coefficient from the main polymer chain are involved in the 
ligation process. Thus, the coupling of a UV/Vis detectors enables for a sensitive trace 
of functional group conversion or the folding process, respectively (see chapter 2).72 
Quantitative online UV/Vis investigation is possible after careful calibration. With 
regard to this potential and the recent developments in wavelength-selective 
crosslinking density control of SCNPs,179 the full exploration of the SEC-dRI-UV 
technique for colored SCNPs may be tapped soon. Jeong et al. showed the potential of  
“wavelength orthogonality” along the folding route of SCNPs, formed via Cu-
metallated phthalocyanines (CuPc) in the precursor polymer (Figure 43).207  
 
Figure 43. Colored SCNPs with a tetramer ligation center of Cu+ and phthalonitrile are 
observed by copper phthalocyanine induced folding of a styrene-based precursor.207 
The authors demonstrated the quantitative conversion of the ligation centers by FTIR 
spectroscopy and complemented the trace the functional group conversion via SEC- 
dRI-UV. The UV/Vis trace at the selective absorption wavelength of CuPc (600 nm), 
showed identical shape compared to the dRI trace, thereby indicating constant 
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chemical composition. Multiple spectroscopic methods like IR-, Raman- and UV/Vis  
spectroscopy were applied by Knöfel et al., giving insight into the bimetallic 
paddlewheel folding-moieties of copper- and molybdenum ligation centers.170  FTIR 
is a standard technique for monitoring functional group conversion in polymers, which 
enable for a more selective trace of structural changes than UV/Vis  specroscopy.208  
Sanchez-Sanchez and co-workers validated the intrachain crosslinking via FTIR 
spectroscopic investigation of diyne moieties (indicated by a sharp band at 1685 cm-1) 
formed upon folding.184 The rapid intrachain cross-linking via carbon–carbon coupling 
was facilitated by use of acetylenic groups as crosslinking centers. The selective trace 
of the disappearance of the C≡C triple bond characteristic IR-bands complemented the 
findings. Similarly, Jiang et al. synthesized SCNPs by the use of azide bond formation, 
thus effectively monitoring the reaction progress by the trace of the azide bond 
vibration at 2127 cm-1 in the IR spectrum.209 Reports by Beskers and coworkers 
showed improved sensitivity and practical feasibility of online SEC-FTIR, thus 
making this technique an intriguing candidate for SCNP analyses.210–212 
2.4.4 Online-trace of the Size or Molar Mass of SCNPs 
Reliable information on the size-change of SCNPs throughout the folding reaction is 
of critical importance.101  The online multi-angle light scattering (MALS) detection of 
SEC-separated fractions (SEC-dRI-MALS) enables the determination of the absolute 
mass (Mw) and the radius of gyration (Rg). The online trace of the absolute molar mass 
is advantageous for any polymer characterization for several reasons. Fundamentally, 
column calibration is not need for molar mass determination and is independent of the 
separation mechanism.183,213,214 A linear increase of the molar mass with increasing 
elution time validates exclusively size-driven separation. In this case, the dRI shift in 
the SEC-elugram is entirely due to change in the chain conformation and directly 
mirrors hydrodynamic chain collapse.53,54,193,215 The change of observed absolute 
molar mass upon folding can be compared to the predicted mass-changes throughout 
functional group conversion, thus yielding quantitative confirmation of the folding 
process. Unexpected decrease of molar mass due to the folding reaction indicates 
polymer degradation. The knowledge of the absolute molar mass enables calculation 
of secondary characteristic values like the apparent density dapp, (see chapter 2.3.4), an 
indispensable measure to confirm chain collapse are accessible due due to SEC 
MALS.54 The correlation between the shift in SEC retention time and the dapp of 
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SCNPs is highlighted by Kroeger and Paulusse.123  Blaso et al. call critical attention 
for the assumptions made for the calculation of the dapp. The authors show a screening 
correlation of the dapp and hydrodynamic measures of size for a large database of 
polymeric nanoobjects, revealing the lack of a coherent relation between physically 
rational ranges of density to hydrodynamic radii.98  
While both, dRI and UV/Vis-detector, yield signals proportional to the weight 
concentration, the MALS signal is proportional to the product of weight concentration 
and molar mass. Even very low amounts of MCNP by-products from inter-chain 
crosslinking are readily detected by MALS, as evidenced shown by Tuten et al..52 The 
appearance of an additional signal peak of the MALS detector-trace indicates high 
molar mass populations, resembling MCNP (Figure 44). 
 
Figure 44. The MALS signal trace indicate multiple chain nanoparticles (MCNP) even in 
small amounts due to a second peak at lower elution volume Vh with regard to the desired 
SCNP after folding reaction (black trace) and the starting material (precursor, grey trace). 
The accessibility of the molecular conformation from MALS online detection by 
evaluation of the slope  of conformation plots (log Rg vs. log Mw) is of outstanding 
importance for SCNP characterization. The compactness through chain collapse 
should increase and thus, a significant decrease of  upon folding confirms a successful 
chain collapse. A random coil in a good solvent shows approximately  = 0.588, a 
random coil in theta solvent adopts  = 0.5 and for a solid sphere  = 0.33.81,216A 
certain size-distribution or molar mass range, respectively, is beneficial for a reliable 
determination of . Narrow distributed polymer samples below two orders of 
magnitude in molar mass range make the conformation analysis rather challenging. 
Unfortunately, the size-determination for very small SCNPs is limited if particles are 
smaller than 1/20th of the wavelength of the incident laser (practically smaller than 20 
– 30 nm in diameter for red-light lasers). Particles below this threshold scatter light 
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without angular dependence (isotropic scattering) and the evaluation of from angle-
dependency derived values like the radius of gyration (Rg) is impossible. Physics 
background of the size-resolution limit is given in chapter 2.2.3.  
A reliable size determination for particles below the size-limit of MALS technique is 
possible via online viscometry (VS) instruments. An online viscometer is an 
information-rich, robust and relatively economic alternative for the size-determination 
of SCNPs. As described in chapter 2.2.2, VS measures intrinsic viscometry [η] via 
rheological properties of the solution. Viscosity measurements of SCNPs were carried 
out in batch using an Ubbelohdes viscometer in an early notable work of Beck et al., 
showing a significantly change of viscosity upon cross-linking via bifunctional 
amines.171 Despite the small particle diameter ranging from 8 to 20 nm, obtained 
physical properties were impressively consistent. The [η] is inverse proportional to the 
viscometric radius Rη under assumptions and knowledge of the Mw (see equation 13) 
and allow mutual validation.51,53–55,57,193,217–219 Both, Rη and [η] indicate changes of 
hydrodynamic size and are frequently used for the confirmation of SCNP folding. 
Although the hydrodynamic radius Rh (e.g. observed from a QELS detector) has its 
origin in different physical principles both radii are comparable (details are discussed 
in chapter 2.3.2).60 The slope a of the Kuhn-Mark-Houwink (KMH, log [η] vs. log M) 
plot codes for the conformation of the polymer in solution and is highly relevant for 
SCNP analysis.220,221 A significant change of  validates the morphological change 
upon intra-chain collapse. Expected values for linear precursors (a ≈ 0.5, 
corresponding to a polymer coil in good solvent conditions) should decrease to 
expected values for collapsed SCNPs (e.g.  ≈ 0.33 corresponds to a highly compact 
structures under theta-conditions) upon folding. Narrow molar mass distributions (Đ) 
or low detector sensitivity lead to short plot-ranges for the KMH relation and the 
evaluation of the slope  is less reliable (resembling conformation plots of MALS 
analysis).222 Rubio-Cervilla et al. indicated the transition from polyether-based 
precursors to highly compact SCNPs via the change of the KMH slope by SEC-
MALS-VS set-up.218  
2.4.4.1 Online Mass Spectroscopy  
The importance of absolute molar mass determination via MALS technique was 
highlighted before, which is possible via mass spectrometry (MS) detectors as 
well.81,223  In the principle of MS, the analyte molecules are separated according their 
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mass-to-charge ratio (m/z) in an accelerated electric field after ionization in the gas 
phase. The hyphenation of MS to a separation method via dedicated transfer interfaces 
is highly beneficial (e.g SEC-MS). The eluting fractions possess higher homogeneity 
as in batch, which aids ionization and the interpretation of the usually complex MS-
data.97,224 Thus, the isotopic patterns of each fraction can be investigated separately, 
yielding absolute molar masses and structural insights from the fragmentation 
process.225,226 The coupling of MS to high-pressure liquid chromatography (HPLC) is 
well-known in biochemistry. The use of suitable transfer interfaces and advanced mass 
analyser of a SEC-ESI-MS set-up facilitated the analysis of intact macromolecular 
assemblies of native of glycoproteins.227,228 Especially “soft” ionization techniques 
like electrospray ionization (ESI) are valuable tools for polymers 
characterization.229,230 The power of SEC-ESI-MS is indicated by an increasing 
number of applications for polymer characterization in the last decade.223,231 Detailed 
mechanistic studies via high-resolution SEC-ESI-MS analysis of the folding of poly 
methacrylate-based SCNPs were presented by Steinkönig et al..97 Whereas the SEC 
separation showed the expected shift of elution time due to apparent hydrodynamic 
compaction, B(C6F5) - crosslinking points were identified via the online MS detection 
by use of an orbitrap mass analyser. Thus, high-resolution ESI-MS provided unrivalled 
level of structural information, as each crosslink point was be highlighted. However, 
a list of requirements of online-MS techniques drastically limit the applicability  of 
SEC-ESI-MS for SCNP characterization.232 First of all, the nanoparticles must be 
soluble in the solvent of choice, which must match the requirements of the MS 
instrument and the SEC separation.97 Only covalent crosslinking motifs are stable 
during the ionization process, excluding other motifs from SEC-ESI-MS 
characterization. Further, the number of probed molecules and the mass range are 
limited by the fidelity of the mass analyser. If multiple charged species appear, the 
analysis of polymers with multiple-times higher masses than the m/z range of the mass 
analyser is possible. In any case, the SEC-MS characterization requires the evaluation 
of a high data load if macromolecules are probed. Monitoring the ion abundance 
profile of a specific mass versus the retention time (extracted ion chromatograms, 
XICs) facilitates the trace of specific polymer fragments (Figure 45). Hence, XICs 
traces ease to focus on distinct species relevant for single chain collapse, which 




Figure 45. Scheme of SEC-MS coupling for the analysis of SCNP folding. Mass spectra are 
obtained from size-separated fractions and enable to monitor the ion abundance profile of 
a specific mass as a function of retention time (extracted ion chromatograms, XICs, red).   
XIC extraction was employed by Nitsche et al. to determine the contraction of discrete 
chains for the first time.224 In association with each cross-linking event, an elimination 
of one nitrogen molecule was true.224 By calibration of the hydrodynamic size of the 
polymers via online NMR-DOSY to the SEC retention time, the authors obtained 
directly correlation between the hydrodynamic chain-collapse and discrete cross-
linking events. 
2.4.4.2 Nuclear Magnetic Resonance (NMR) spectroscopy - online and offline 
NMR spectroscopy is without doubt one of the most powerful methods for the in-depth 
chemical characterization of soft-matter materials. A brief introduction to the 
theoretical background of NMR spectroscopy is given in chapter 2.2.1. The chemical 
conversion throughout the chain-collapse can be traced by the molar concentration of 
the nuclei in their changing electromagnetic environment. This applies for the spin-
resonances of nuclei such as 1H, 13C, 19F, 31P or 195Pt. The sensitivity of NMR 
spectroscopy is limited for the investigation of nuclei with a low gyromagnetic ratio 
or if the focused NMR active moieties are “diluted” in many monomer units (e.g. end 
group conversions in larger polymer backbones). During the past decades, numerous 
studies highlighted the potential of online SEC-NMR and its advantages over UV/Vis- 
and FTIR-spectroscopy for the trace of chemical group conversion.233–235 The 
hyphenation of liquid chromatography to NMR spectroscopy (LC-NMR) gives 
information of the microstructure and the molecular weight of a polymer without need 
of a calibration curve.236 However, LC-NMR coupling requires sophisticated 
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experimental equipment, long measurement time and dedicated experimental 
procedures, such as WET solvent suppression (WET = Water suppression Enhanced 
through T1 effects).237 Nevertheless, a detailed illustration of the development of this 
emerging analytical technique, applied to PS/PMMA block copolymers, showed the 
potential of LC-NMR for studying SCNP collapse.238 The obtained signal-to-noise 
ratio indicated an intrinsic contradiction of the physical backgrounds for the merged 
techniques.238,239 Thus, the subsequent text focuses some highlights of offline NMR 
characterization. 
The power of NMR for SCNP analysis is illustrated in application for PtII-SCNPs, 
which were investigated regarding their potential as homogeneous and recyclable 
catalysts.240 The quantitative intramolecular interaction was realized via coordination 
of PtCl2 to a phosphine-decorated precursor and successfully evidenced by 
31P NMR-
spectroscopy. Moreover, the ratio of cis- and trans-configured Pt centers within the 
folding units were determined via quantitative evaluation of the 31P spectra. 195Pt 
NMR-measurement confirmed the results. In similar reports, only 12% triaryl-
phosphine ligand content was sufficient to monitor the SCNP collapse via PtII 
coordination by 31P NMR-spectroscopy.241 Highly sensitive 19F NMR-spectroscopy 
was used by Perez-Baena et al. for studying SCNP chain collapse upon B(C6F5)3 
catalyzed crosslinking.242 1H- and DOSY-NMR have been utilised to monitor step-
wise unfolding of SCNPs with regard to both the chemical transformation and the 
change of hydrodynamic size.243 DOSY-NMR was further employed in initial work of 
the today well established folding strategy of nitrile imine-mediated tetrazole-ene 
cycloaddition (NITEC) and nitrile imine- carboxylic acid ligation (NICAL) reaction 
pathways. The confirmation of marginal chain collapse (decrease of 2 nm 
hydrodynamic diameter only) to fluorescent SCNPs was possible via NMR-DOSY.244 
The use of light scattering techniques (DLS, utilizing the same Stokes-Einstein relation 
as base) are discriminated for fluorescent material, as fluorescing photons skew the 
total measured intensity, making accurate DLS autocorrelation analysis impossible.62 
2.4.5 Offline Characterization of SCNPs – Auxiliary Techniques  
QELS is most frequently applied for the size-determination of SCNPs. In-batch Small 
angle scattering experiments like small angle X-Ray scattering (SAXS), small-angle 
neutron scattering (SANS) are the tools of choice for establishing comprehensive 
analysis of size and shape of nanoparticles in solution. Molecular dynamics (MD) 
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simulations emerged as an indispensable tool for a mutual approach of experimental 
and theoretical SCNP analysis. High-resolution microscopy techniques, such as 
Atomic Force Microscopy (AFM) and Transmission Electron Microscopy (TEM) 
yield similar information about the size and morphology of SCNPs. 
2.4.5.1 Quasi Elastic Light Scattering  
Quasi Elastic Light Scattering (QELS), sometimes referred to as Dynamic light 
scattering (DLS), is a non-invasive technique to determine the hydrodynamic radius 
(Rh) of polymers in solution (the theoretical background is described in chapter 2.2.3). 
Reliable results are obtained for SCNPs of only few nanometre in size (< 1 nm), if a 
narrow size distribution is true.245,246 Offline QELS is the most frequently used to 
studies the SCNPs size,191,192 as online QELS detection often suffers from low 
sample concentration or low optic contract, respectively (see chapter 2.3.2). 
Unfortunately, impurities (aggregation or broad distributions) led to drastic 
overestimation of the Rh, as the scattering intensity is proportional to the radius to the 
6th power. An ensemble average sizes will be determined, if size-populations 
coexist.52,247 Thus, QELS is most accurate when coupled to a size separation technique, 
as impurities are separated, and each elution slice can be considered monodisperse 
(e.g. SEC-QELS see chapter 2.3.2). Stals et al. exploited the sensitivity of QELS 
technique for large particles in a comprehensive study about the occurrence of inter-
chain crosslinking.248 The authors investigated the concentration effect for SCNP 
folding by SANS and DLS techniques and could impressively define concentration 
regimes within which MCNP were formed. Acquired size trends obtained from DLS 
experiments showed consistency to the trends obtained from AFM 
characterization.249,250  However, DLS invokes assumption of hard sphere morphology 
of the particles. The true conformation remains enigmatic by the measurement of the 
volume of solution spanned by the polymer chain (chapter 2.3).5 Thus, statements 
about the compactness of the SCNPs are possible if the Rh is related the geometric 
measures of particle size (see chapter 2.3.2). Upadhya et al. screened the compactness 
(Rg/Rh) and backbone rigidity of a PEG-functionalized SCNP library with a remarkable 
analytic throughput.72 The obtained parameters were correlated to hydrophobicity and 
stability of the SCNPs, an important step to derive trends of phase-transition of SCNPs 
with amphiphile motifs. 
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Fitting of the observed correlation curve to unappropriated mathematic models may 
screw the data evaluation and falsify results (see chapter 2.2.3). The limited precision 
for size-determination of SCNPs via batch-QELS technique is discussed 
comprehensively by Blasco et al.247 In order to obtain reliable data for a wide range of 
sizes, angle dependent dynamic light scattering is a viable option.251 
2.4.5.2 Small Angle X-Ray Scattering and Small-Angle Neutron Scattering  
If physical limits of light scattering (LS) techniques hamper the determination of the 
Rg, small angle X-ray scattering (SAXS) and small angle neutron scattering (SANS) 
are indispensable alternatives for SCNP characterization. Both techniques are 
compared in greater detail in chapter 2.2.4 and fundamental theoretical background of 
SANS is introduced.  
SANS and SAXS are powerful small angle scattering (SAS) techniques in polymer 
and colloid science, as their lengths scales span the nanometre to micrometre realm.49 
Thus, macromolecules can simultaneously be probed on the molecular and on the 
segmental scale.252 SAXS and SANS facilitate the analysis of the absolute size, the 
conformation, the compactness and the morphology even of very small SCNPs.13,85,253–
255 SANS is of particular interest for polymer science as, in comparison to SAXS, it 
does not require the presence of heavy (e.g. electron rich) elements for scattering 
contrast and is less invasive than SAXS. Manipulation of the contrast in SANS 
experiments is possible by using either a (partially) deuterated solvent or by 
deuteration of parts of the solute.58 However, SANS and SAXS were employed in 
numerous studies of absolute sizes determination and thereby confirmed SCNP 
collapse.12,163,258,173,189,194,197,215,242,256,257 Manifold physicochemical properties are 
decoded in the shape of the scattering and manual- and software-based mathematical 
approximation, or fitting aid unravelling the internal structure of SCNPs. Arbe and 
colleagues applied combinations of SANS/SAXS for the examination of the 
globularity of SCNPs and compared obtained morphology to the shape of proteins.12 
A rather intermediate state between expanded chain conformation and globularity was 
found. Similarly, other SANS or SAXS characterizations showed a SCNP morphology 
resembling intrinsically disordered proteins.189,215,242,248,259 These reports show insight 
to sub geometries of SCNPs, whereas the manual analysis of SAXS-scattering data 
reveal already the compactness and flexibility of SCNPs, as shown in recent work of 
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Gormley and team.72,260  The manual data evaluation of SANS scattering curves is an 
performed in chapter 3 and introduced in chapter 2.2.4. 
Obtained information about the chain topology is essential for the corroboration 
of the results obtained from SEC-MALS or SEC-VS (see chapter 2.3.2). Several in-
depth small angle light scattering (SAS) studies validated the SANS/SAXS results of 
the folding-induced change in morphology and size by molecular dynamics (MD),89 
or imaging techniques, such as transmission electron microscopy (TEM).4 
2.4.5.3 Molecular Dynamics Simulation 
Several studies show a high agreement between the data obtained from experimental 
SANS/SAXS characterization of SCNPs and theoretical simulations like molecular 
dynamics (MD).261 MD analyses the physico-dynamic properties of molecules in 
solution, enabling a valuable crossover of theory and experiment.262 Molecular 
dynamics simulations often corroborate SAS experiments, as initial simulations can 
be refined or reweighted with experimental SANS/SANS data, yielding a more robust 
data interpretation.263 Thus, the mutual application of MD simulations and SAS 
contributed essentially to the understanding of SCNP within the last few years. A 
growing awareness for the power of MD for SCNP analysis emerged within the last 
five years.12,163,258,173,189,194,197,215,242,256,257 A few studies make use of atomistic models 
for SCNP simulations, as for instance Danilov et al. in an extensive thermodynamic 
characterization of reversible SCNP folding.194 The authors monitored the opening and 
closing transition of selective point folding by a limited temperature-range and chain 
lengths. The majority of theoretic studies about the chain conformation and dynamics 
employ semi-empirical and statistical approaches.174   
The awareness of the impact of the solvent state for the SCNP design increased with 
increasing attention to SCNP self-assembly.75 Monte Carlo simulations and other 
theoretical models are eligible to analyse the impact of the solvent conditions towards 
the folding efficiency and chain topology. Rabbel and coworker focussed on the 
impact of the solvent quality (as introduced before) and the precursor chain length for 
SCNP collapse.155 The authors found sparse, pearl-necklace-like SCNP conformation 
if SCNPs synthesis was performed in good solvent - despite the use of powerful 
ligation protocols. This observation was predicted by Sommer and colleagues in 
independent projects of SCNP characterization and under application of sophisticated 
bond fluctuation model.127,155 The understanding of the influence of the solvent 
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conditions during the folding reaction is highly relevant for SCNP preparation and 
important for the analysis of SCNPs in the dissolved state as well.264 Guo et al. 
employed similar models of Monte Carlo simulations like the Sommer group to study 
the interaction of SCNPs with lipid membranes and the effect on hydrophobicity for 
the shape of the SCNPs.265 This study exemplifies the closing gap between SCNPs and 
biochemical applications. MD gives insight on the dynamics of the folding process 
itself e.g via 3D visualization, whereas experimental approaches are conventionally 
restricted to post-folding SCNP material. 
2.4.5.4 Atomic Force Microscopy 
High resolution microscopy like atomic force microscopy (AFM) possess a 
complementary approach for evaluation of the size and shape of nanoparticles. An 
AFM measurement records height-image representation in the nm-scale by scanning a 
surface grafted sample with a micrometer-sized cantilever.266 Thus, the height images 
can readily identify the MCNPs, the inter-chain crosslinking by-products of 
significantly larger size than desired SCNPs.267 Hosono et al. employed AFM for 
monitoring the change in conformation from open-chain to folded SCNP, thus 
experimentally evidencing the correctness of the predicted shape of both species.185 
Meijer and his team derived the morphology of individual SCNPs via high-resolution 
AFM, and semi-ellipsoidal flattened spheres with elevated cores were found.268 
Similar structures were also reported by Foster et al. in extensive AFM studies of UV-
crosslinked SCNPs.269 Instead of acquiring height-images, Honoso and coworkers 
partly unfolded SCNP by mechanical stretching of the intra-chain network, exploiting 
the attractive forces of pendant thiol moieties to the golden AFM tip.156   
However, despite the outstanding resolution, the meaningfulness of AFM 
characterization for SCNPs is limited as AFM experiments are generally performed in 
a solution free state. Interaction with the surface and the change of concentration 
during the drying process may lead to significant deviations of the SCNP-shape, which 
was demonstrated.188,247,267,268 Furthermore, the AFM tip is very large compared to the 
SCNPs, thus artifacts are potentially induced.252,268,270 A number of publications 
recommend taking more care when interpreting AFM data for SCNP 
characterization.5,10,242,252 Moreover, a lack of comparability emerges from different 
approaches of sample preparation, data acquisition and data evaluation.  As the dry 
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state withstands the conditions of conventional SCNP formation, AFM is not 
considered for SCNP analysis in this work. 
2.4.5.5 Transmission Electron Microscopy (TEM) 
Transmission Electron Microscopy (TEM) is a more suitable high-resolution 
microscopy technique for the investigation of the shape and the size of SCNPs, as no 
mechanical probing occur.53,193 Generally, TEM specimens are prepared by deposition 
of a solution on silicon wafer and subsequently evaporation of the solvent.141 Cryo-
TEM enable to study the native structure of dissolved nanoparticles, as the sample 
solution is rapidly cooled with liquid nitrogen.271 Results of Cryo-TEM experiments 
show good size-correlation with DLS data.5 Measuring the beam of sample-
transmitted electrons, TEM suffer from similar contrast limitation as true for SAXS 
technique (see chapter 2.2.4). Thus, the applicability of TEM characterization is 
limited, if no heavy elements like sulfur are incorporated in the chain structure or 
artificial staining is not performed.188,258 Nevertheless, several studies evidence 
consistent structures of hemispherical or ellipsoidal morphology, independent of the 
SCNPs chemistry.53,252,271 Globular SCNP conformation was observed via TEM 
characterization as well.4,272 We note that, similarly to AFM, TEM probes only a few 
number of molecules if compared to a conventional in-solution method (e.g., 
measuring 0.1 mg by a routine SEC measurement of a 50 kDa polymer still includes 
1.2×1015 molecules). The less representative character and the limitation of TEM-
contrast lead to decision to not consider this technique in this work. 
2.4.5.6 Techniques for assemblies defined multi chain assemblies 
Of note, the use of circular dichroism (CD) technique is a particularity in SCNP 
analysis, but however essential for the analysis of chirality.172,185,199,273 Chiral moieties 
can generate helical motifs in SCNPs, resembling natures secondary structures.199,274 
Thus, purposeful design of chiral monomers facilitate control of the internal structure 
of SCNPs.273 Similarly, protein mimicry is accomplished via hydrogen bonding or 
amphiphile interaction,275 an important step towards bio-architectural design of 
SCNPs.273,276 Multi chain nanoparticle (MCNP) synthesis e.g. via self-assembly 
strategies, emerged as subdiscipline a in SCNP research and often endeavours to 
mimic quaternary protein structures.126,165,277 However, mastering superstructures 
requires control over the degree of folding of each SCNP subunit and the amphiphile 
motif (often determined by the hydrophilic/hydrophobic block lengths).126,127 Phase 
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diagrams have been established to generalize self-assembly trends of SCNPs.182 The 
theoretical prediction of the size of tadpole-shaped single-chain superstructures in 
dependency of the "tail-length" were established, providing guidelines of tadpole 
SCNP design for a variety of intrachain cross-linking techniques.128 However, the size-
determination of these nano multimers is limited to batch-DLS, and dry state 
techniques (transmission electron microscopy, scanning electron microscopy and 
atomic force microscopy).124–126 Flow-based techniques of advanced separation are 
highly promising for the analysis of delicate superstructures like tadpole SCNPs (see 




2.5 PARA-FLUORO THIOL REACTION 
2.5.1.1 Features of Highly Fluorinated Materials  
Fluoropolymers are widely used in the chemical industry, for aerospace, 
semiconductors and in everyday life applications.278,279 Their unique properties like 
non-adhesiveness, their stability with regard to temperature and chemicals (especially 
inertness to alkalis) and their low refractive index make fluoropolymers 
irreplaceable.278 The most popular fluoropolymers are known by the manufacturer 
names like Teflon (PTFE, polytetrafluoroethylene) or its amorphous derivative Teflon 
AF® (also known as or DuPont™, a copolymer of 2,2-bistrifluoromethyl-4,5-difluoro-
1,3-dioxole and tetrafluoroethylene), the structures of Teflon derivatives are shown in 
Figure 46.  
 
Figure 46. Structures of Teflon (left) and Teflon® AF (right). 
The outstanding features of fluorinated organic compounds are directly related to the 
properties of the C-F bond. The F-atom, only somewhat larger than hydrogen, 
comprises the highest possible electron negativity (electron negativity F = 4.0) in 
contrast to the carbon atom (C = 2.5), yielding very strong C-F bonds.
280  The electron 
distribution in a C-F bond leads to a low dielectric constant of organo-fluorinated 
compounds, which is desirable in electronic sector applications.278,281   The very low 
optic contrast of organo-fluorinated compounds correlates directly to the low 
polarizability of the C-F bond. The latter property is beneficial for aesthetic aspects 
(high transparency), but rather challenging for analytic techniques like refractometry. 
The hydrophobic feature of fluorinated materials is well known in everyday life 
applications of water-repellent materials.281281,282 Similarly, poor solubility of 
fluorinated organic compounds in conventional organic solvents is often observed. For 
example, hexafluoro benzene is macroscopic non-polar and insoluble in water. 
Fluoropolymer chemistry evolved after establishment of large batch production of 




2.5.1.2 Reactivity of Perfluorinated Aromatic Groups 
In addition to the outstanding material properties of fluoro-organic components, highly 
fluorinated aromatic groups possess unique assets for synthetic purposes. In 
consequence of the polarity of the C-F bond, a partially positive charge residues for 
the carbon atoms, which is of particular interest for synthetic strategies in organic 
chemistry. Pentafluorinated (or: perfluorinated) aromatic groups were essentially 
introduced to macromolecular design by Schubert and his team, examining their 
suitability for regioselective substitution reactions.284 Initially, post-polymerization 
modification (PPM) of pentafluorophenyl (PFP) moieties were predominantly used for 
activated ester chemistry, significantly progressed by Noy and coworkers (Figure 47, 
framed box, top scheme).285 If a PFP-moiety is linked to an ester group, it is activated 
for attacks of strong nucleophiles, possibly leading to the removal of the PFP-units 
(Figure 47, A).286,287 Nucleophilic substitution of the PFP-attached fluorine atoms 
takes place instead of ester degradation, if thiol is used (Figure 47, B).288 The 
susceptibility for nucleophilic substitution reactions applies due to the superposition 
of former positive charged carbon atoms of the C-F bonds, supported by the maximal 
fluorination of the phenyl ring of the PFP moiety. Notably, the susceptibility for 
nucleophilic attacks of PFP moieties is notably inverse to the conventional 
electrophilic reaction pathways of analog benzene moieties. Thus, fluorine substitution 
is an important principle in organic chemistry to modify (macro)molecular 
properties.289 The general selectivity of nucleophilic substitution reactions is directly 
correlated to the structure of benzene derivatives, as historically introduced by 
Hammett.290 The selectivity of a nucleophilic attack of penta-fluorinated aromatic 
moieties of the general structure C6F5-R can be modified by the non-fluorinated 
substituent R (Figure 47).291 The relationship of the electronic properties of R and the 
regioselectivity of nucleophilic F-substitution of PFP moieties can be modeled by the 
mesomeric structures shown in Figure 47. Theoretical studies of Kvivala et al. 
elucidate the transition states and energy profiles of the possible substitution events at 
PFP-moieties and elucidate their regioselectivity.291 However, the regioselectivity is 
illustrated here in a simplified way. In case of electron-accepting groups for R (Figure 
47, bottom scheme), the nucleophilic attack is favored at the para-position, as 
correlated mesomeric resonance structures show highest stability. The induced 
negative charge is stabilized for the electron-accepting R-group (Figure 47, bottom), 
enabling para-derived fluorine substitution. Para-selective fluorine substitution by the 
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use of thiols as nucleophiles is focused on the next paragraph.  The substitution of the 
para- and the meta F-atoms are similar likely if electron-donating R-groups are 
attached at the PFP moiety (Figure 47, top scheme). In this case, mesomeric resonance 
structures show ipso localization of the negative charge to the electron-donating R-
group. This simplified model explains why the use of electron withdrawing substituent 
(CO2R) as used for the activated ester chemistry does not allow for para-selective 
substitution of a PFP-moity.284,292 The regio-selectivity and possible multiple 
nucleophilic substitution of PFP-moieties of copolymers are discussed by 
Varadharajan and Detaittre and provided guiding principles for macromolecular 
design.293 Addressing the design of PFB-decorated macromolecules, the following 
paragraph focuses on para-deriving reaction pathways (referring to electron-accepting 
R-groups according to Figure 47). 
 
Figure 47. Selectivity of nucleophilic substitution reactions for pentafluorophenyl (PFP) 
moieties in dependency of the non-fluorinated rest R. Resonance structures (left), explain 
possible reaction pathways in presence of base-activated nucleophiles (Nu). The 
substitution of the para-F atom is favored for electron accepting R-groups (bottom 
scenario), as exemplary shown a PFP acrylate-based polymer (box, bottom).294 Non-
selective substitution or activated ester chemistry is obtained for electron donating R-
groups (top) and by use of strong nucleophiles (e.g. amines) as discussed by Noy, Friedrich 
et al. (box, B).285 Opposing reaction pathways of activated ester chemistry (removal of the 
PFP units) occur if electron accepting R-groups given (top) and strong nucleophiles are 
employed, as shown for the example for PFB esters (top, A). 
Thiols are soft and strong nucleophiles, and therefore more effective to trigger 
selective reaction pathways than amines or alcohols.284 Hence, less nucleophilic 
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activation of the thiol is required, enabling the use of gentle bases for regioselective 
substitution pathways.  
2.5.2 The para-Fluoro Thiol Reaction 
The para-fluoro thiol reaction (PFTR) is defined as an aromatic, nucleophilic 
substitution-reaction (SN,Ar), where a para-fluoro atom of a pentafluorophenyl (PFB) 
group is substituted by a thiol under basic conditions (Figure 48).286,291 
  
Figure 48. Reaction scheme of the para-fluoro thiol reaction at pentafluorophenyl (PFP) 
moieties. 
The PFTR reaction has been used by Delaittre, Schubert, Barner and others, polymer 
chemistry for design of various macromolecular structures.294 PFTR is high yielding 
even under mild reacting conditions, and the formation of thioether adduct can be 
monitored by 19F NMR spectroscopy.293,295–297  This benefit makes the para-selective 
fluorine substitution a highly eligible reaction type for accurate polymer analysis, as 
less sensitive NMR spectroscopic techniques often suffer from (monomer) dilution. 
The multitude of successful applications in polymer chemistry and the accurate 
determination of PFTR-turnover are motivation to establish PFTR for other 
applications.297 The current work focuses on the application of the PFTR reaction for 
intramolecular ligation protocols (chapter 3) and highly-fluorinated material design 
via intermolecular ligation (polymer grafting, chapter 5). Notably, several terms are 
used to describe PFTR such as “thiol−para-fluoro substitution reaction”, “para-fluoro 
thiol reaction” or “para-fluoro click reaction”. The term ‘click’ describes a platform 
of reactions, who fulfil criteria including (almost) quantitative yields under equimolar 
amount of reactants, fast reaction rates and stereo-specificity.295,298,299 However, the 
conventionally employed excess of thiol and base activator stands against the criteria 
of equimolarity and thus the term click reaction is not used here.297 Excess of the 
nucleophile and the base are often required to compensate for the rather low reaction 
rate of the PFTR in dependency of the base-strength employed.  
Comprehensive studies of this reaction,300 comprising kinetic investigation,301 
screening of reactants, and application for network formation286 have been reported.302 
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The reaction rate of the PFTR is discussed by in-depth studies by Cavalli,302 and the 
main impacts of the reaction rate are given by the base, the structure of the thiol and 
the solvent conditions. These general impacts of relevance for both applications are 
briefly discussed below.297 
2.5.2.1 The reactivity of thiols  
The efficiency of PFTR is impacted by the steric and 
electromagnetic features of the thiol, which can be linked 
here to the concepts of nucleophilicity and the base-strength 
(pKa). However, both concepts show direct correlation to 
the general efficiency of PFTR according tertiary 
thiol < secondary thiol < primary thiol, as validated via 
kinetic Monte Carlo (kMC) simulations by Cavalli and 
coworker.301,302 The authors found higher PFTR-reactivity for benzylic thiols in 
contrast to primary thiols. Steric shielding of the sulfur by proximate methyl-groups 
of thiols involved was found to have an influence on PFTR efficacy as well.301 The 
impact of the sulfur shielding for the PFTR reaction rate was exemplified by benzylic 
thiols (represented by benzyl mercaptan and the more shielded 2,4,6-trimethyl benzyl 
mercaptan) and primary thiols (represented by dodecane thiol).301 Briefly, highest 
PFTR reactivity is found for aromatic, primary thiols and follows the order primary 
benzylic thiol > secondary benzylic thiol > aliphatic thiol > secondary aliphatic 
thiol.301  
2.5.2.2 The role of the base 
The base is a crucial component for the PFTR, as it 
activates the thiol by deprotonation and binds the 
released fluorine ion after the PFTR (Figure 50).297  
Triethylamine (TEA) and 1,8-diazabicyclo [5.4.0] 
undec-7-ene (DBU) are the most frequently used bases 
for PFTR. Whereas excess TEA is required for efficient 
PFTR, a significant lower amount of DBU is need and facilitate comparably fast 
PFTR-reaction rates.286,293,297,303  
TEA is a weak activator for thiols in PFTR, thus even very high amounts of the base 
(e.g. ca. 100-fold with respect to the PFB units) showed rather low reaction rates.303 
Noy, Koldevitz et al. reported quantitative PFTR conversion within few hours using 
 
Figure 49. The role of 
the base for PFTR. 
 
Figure 50. PFTR principle. 
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TEA as the base for PPM of poly(meth)acrylates having PFB side chains at 45 °C.294 
The report of diverse reaction rates can be explained by the particular reaction 
conditions (e.g. the solvent polarity).301 However, the strong base DBU became 
popular in application for PFTR to compensate for the low reaction rate of PFTR when 
using tertiary amine bases.  
The basicity of the DBU conjugate acid can be estimated to pKaH =  24.13 (in 
acetonitrile) and pKaH = 16.8 (in THF) and pKaH = 13 (in water).
304,305 Cavalli et al.  
observed quantitative PFTR reactions by use of aliphatic thiols and sub-stoichiometric 
amount of the base DBU (0.5 or 0.1 equivalents) with respect to equimolar ratio of 
thiols and PFB moieties. The efficiency of PFTR by using DBU as base led to the 
hypothesis of a self-propagated PFTR mechanism in the same group.300 The self-
propagated PFTR- hypothesis assumes the generation of thiolate ions from the released 
fluoride ions (F-) of PFTR events.302 Alternative fluoride sources (here: 
tetrabutylammonium fluoride, TBAF) were found to promote the PFTR, possibly 
compensating the competing fluoride consumption by the DBU base.  The authors 
report, that few is necessary, if the stoichiometry of thiol and the solvent-conditions 
are optimal. Notably, this concept was originally discussed for silyl-protected thiol 
derivatives and the generation of formal HF during the reaction stands against this 
hypothesis. However, this concept explains the observation, that stepwise addition of 
activating base significantly increases the overall PFTR conversion. Thus, stepwise 
release of base is a strategy if base-labile components are present. These findings 
motivate to generate controlled base generators. Light controlled base-generators are 
focused in chapter 3. The reaction pathways of the theoretically released HF is not 
conclusively explained to date. DBU is generally referred to an HF scavenger and the 
appearance of resonances of formal DBU∙HF in the 19F NMR spectrum is frequently 
reported.294   
2.6 PARA-FLUORO THIOL REACTION – SYNTHETIC STRATEGIES 
The para-fluoro thiol reaction, as introduced in the previous section, is the key reaction 
of this work. Considering the impact of the base for the PFTR reaction (see previous 
section), two synthetic routes reside from the choices of the base. The gentle base TEA 
is exploited for thermally controlled SCNP synthesis (intramolecular ligation) of 
acrylate-based copolymers in chapter 3. The second route is a fast PFTR reaction 
pathway via light-induced DBU release, applied to polystyrene-based copolymer 
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grafting. The switch from acrylate-based to styrene-based polymers is based on the 
required alkali-stability when DBU is employed. 
2.6.1 Synthetic Strategy for Single Chain Nanoparticle Formation 
The PFTR reaction is employed to form intramolecular ligations within the linear 
precursor chains (folding reaction). On this pathway, we anticipate high yielding and 
regioselective intramolecular ligation under gentle conditions, and sensitive 
spectroscopic trace of the reaction conversion via 19F NMR spectroscopy. Inspired by 
the work of Noy, Friedrich et al., we employ pentafluorobenzyl acrylate (PFBA) as a 
functional monomer to decorate the precursor polymers with PFTR reactive 
moieties.285 The benzylic unit of the pentafluorobenzyl (PFB) is essential to mitigate 
ester degradation and support regioselectivity, as discussed above.286 The PFBA is 
commercially available or can be synthesized in a one-pot procedure from 
commercially available starting material, thus suitable for monomer-consuming 
generation of a precursor library. 
The accurate analysis of the SCNP folding is a critical endeavour in this work. 
Sensitive 19F NMR spectroscopy is employed to calculate the PFTR conversion and 
allows for monitoring the folding process (see Figure 51). In general, clear chemical 
shifts  in the 19F NMR spectrum facilitate accurate data evaluation. The PFB unit 
shows three distinct signals of the ortho (Fo)-, para (Fp) -, and meta (Fm) -fluorine atoms 
(Figure 51, grey). The substitution of the Fp atom leads to the disappearance of the Fp 
-signal ( ca. 154 ppm), a slight shift of the ortho` (Fo`,  ca. 142 ppm) signal, and a 
significant shift of the Fm signal ( ca. 163 ppm) to the meta` signal (Fm`,  ca. 134 
ppm). Quantitative PFTR conversion is indicated if the integrals 2:1:2 (Fo: Fp: Fm) are 
true for the starting material and the integrals of the signals of the PFTR product show 
a ratio of 1:1 (Fm: Fo). The appearance of the former F
--signal is found to depend on 





Figure 51. The schematic representation of the para-fluoro thiol reaction (PFTR) 
characteristic changes in the 19F NMR spectrum prior (left) and after (right) the reaction. 
The general scheme of the PFTR for PFB units is shown between the spectra. The changes 
relevant for quantification are highlighted in red. The signal integrals of the meta signals 
of unreacted (Fm) and reacted PFB unit (Fm’) were employed for the quantification of the 
PFTR turnover. 
The ratio of turnover signal-integrals to the signals of the integrals of starting material 
for any PFTR conversion can be described in equation 33.  
𝐹𝑚´ (𝐹𝑚 + 𝐹𝑚´)⁄ =  𝐹𝑜´ (𝐹𝑜 + 𝐹𝑜´)⁄ = (1 − 𝐹𝑝) (((1 − 𝐹𝑝)) + 𝐹𝑝)⁄  (33) 
As the last term of equation 33 is rather inaccurate, the most suitable calculation of the 
average conversion is given by the integration of the Fm´ and Fo´ signals 
19F-NMR 







) 2⁄  (34) 
Finally, signal integrals of the meta-fluorine atoms in the precursor (Fm) and in the 
reacted PFB moiety (Fm´) were employed to quantify the average conversion of the 
PFTR, as the signals Fo and Fo´ signals partly overlap for backbone-attached PFB 
moieties (indicated in Figure 51).  
𝜒𝑃𝐹𝑇𝑅,𝑝𝑜𝑙𝑦𝑚𝑒𝑟 = 𝐹𝑚´/(𝐹𝑚´ + 𝐹𝑚) (35) 
Taking advantage of the high natural abundance of the NMR-active fluorine nucleus 
in 19F NMR spectroscopy, it is anticipated that precise evaluation of PFB moieties is 
possible even if “backbone-dilution” of the non-fluorinated monomers is true. This is 
of critical importance, as the PFB amount of the precursor library is modified between 
5 and 30%. The 1H NMR spectroscopic spectra of the PFTR reaction is not suitable 
for characterizing the folding, as the protons of the CH2 group of the PFB moieties 
shift only slightly due to distance to the reaction center.  
2.6.1.1 Backbone Stiffness 
The choice of the functional monomer PFBA limits the choice for the spacer monomer 
to the same monomer class (acrylates) to achieve precursor compositions in 
accordance with the monomer feed. The spacer monomer is the main backbone-
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component and its structure will thus dictate the intrinsic entropic features of the 
backbone (like chain flexibility) e.g. due to the steric hindrance of its pendant side 
groups. This intrinsic chain feature can be considered as a key impact for the SCNP 
structure – next to the functional group decoration and the polymer chain length.306 
Thus, the structure of the spacer monomers is critical for the efficiency of the folding. 
Indeed, Englebienne and colleagues reported that flexible polymers tend to form more 
compact species after folding.256 The chain flexibility of the precursor chain is a 
prerequisite to obtain proximity of the reactive groups along the chain during the 
folding reaction (this was discussed in chapter 2.4.2). The chain flexibility of SCNPs 
was determined via small-angle neutron scattering (SANS) and molecular dynamic 
simulations (MD) or under exclusive conditions via AFM.11,156,157,307 Pliable precursor 
chains possess a short persistence length lp, a well-known indicator for chain flexibility 
(Figure 52).80,308 The persistence length describes the discrete length, below the 
polymer chain is considered rigid and correlates to radius of gyration (Rg) accessible 
via SANS investigations. 
 
Figure 52. The chain flexibility can be estimated by the persistence length (lp), which can 
be calculated by the radius of gyration (Rg) and the contour length (L) via SANS 
characterization. 
 The persistence-length is equal to the half of the Kuhn length lk (lk = 2 lp), which is 
investigated in chapter 3.  Similarly, Bae et al. discussed the influence of the bond 
flexibility of the crosslinks and the chain mobility regarding the thermo-mechanical 
behavior of SCNPs via molecular dynamics (MD) simulations.154 Pahnke et al. 
investigated the fundamental entropic chain effects relevant for ligation reactions, 
focussing on the intrinsic physical and steric properties of small molecules (e.g. 
monomers).13 They highlighted the importance of these effects when transferring small 
moieties into the structure of entropically dissimilar systems (e.g. polymers). The 
authors determined, among other, the persistence lengths (lp) via small-angle neutron 
scattering (SANS) measurements and rotational entropies via quantum chemical 
  
97 
calculations for several monomer classes.309 Focussing on acrylates in this work, the 
reported stiffness of tert-poly(butyl acrylates) is suitable for the endeavour of pliable 
precursor chains in this work.13 Tert-butyl acrylate is preferred in comparison to its 
isomers for handling purpose (poly isobutyl acrylates often possess sticky features), 
resembling the glass transition temperature Tg of corresponding polymers.
13 In 
conclusion of above considerations, the precursor library in this work will be based on 
tert-poly(butyl acrylates, see Figure 53.  
2.6.1.2 The Folding Conditions – the Base 
Due to the presence of the acrylate moiety in the polymers requires the use of gentle 
base TEA is required to avoid ester degradation of the acrylate-backbone. This leads 
to the synthetic route of slow PFTR reactivity. Long reaction times – rather 
unsatisfactory in organic synthesis protocols – may be beneficial for the generation of 
uniform SCNPs. The monitoring of the PFTR conversion via 19F NMR spectroscopy 
is hampered by the dilution of deuterated solvents by both the required excess of weak 
base, which anyway falls together with the need dilution of the precursor below c* 
(equation 28). Thus, 19F NMR spectroscopy will be performed after concentration of 
the SCNPs. The required excess of base is not a drawback, as TEA serves as solubilizer 
for acylates.310 TEA is a rather cheap component and can be readily removed under 
reduced pressure and can therefore be strategically employed to optimize the solvent 
conditions of the PFTR-induced folding reaction.  The solvent conditions are essential 
to achieve significant change of morphology upon one-chain folding as discussed 
elsewhere (chapter 2.4.2 and chapter 3). Elsewise, even the use of powerful ligation 
reactions possibly lead to sparse SCNP conformation.75  
Having established the structure of the PFB decorated precursor and the activating 
base, the thiol will be introduced in form of an external crosslinker. The external 
crosslinker approach is beneficial when seeking to generate compact SCNPs, as tuning 
of its amount enables a facile modification of the density of intra-chain ligations. As 
the external crosslinker contains the thiol functionalities for PFTR-assisted SCNP 
folding, the polymeric precursor only needs to exhibit PFB side groups to facilitate 
SCNP folding. Importantly, the use of an external crosslinker is a facile method to 
avoid the incompatibility of thiol functionalities and radical polymerization techniques 




Figure 53. Synthetic strategy of PFTR-induced SCNP folding using the base TEA, providing 
gentle reaction conditions for hydrolysis-prone components. 
A suitable thiol crosslinker for envisioned SCNP folding must allow for high PFTR 
reactivity, which was found for primary benzylic thiols (see above). The bifunctional 
analog is 1,4-benzenedimethanethiol (BDMT, see Figure 53). The aromatic 1H NMR 
spectroscopic resonances of BDMT appeared clearly separated from the characteristic 
signals of the acrylate backbones, facilitating to trace its covalent chain incorporation. 
The UV/Vis-absorption of BDMT resembles those of aromatic rings, making the 
UV/Vis spectroscopic display of crosslinker incorporation possible as well.311 
Furthermore, BDMT meets the specific criteria of crosslinker like the absence of 
competing reactive groups, a suitable spacer length and low costs. BDMT is employed 
as thiol crosslinker for PFTR-induced SCNP folding. This strategy of SCNP synthesis 




2.6.2 Light-induced PFTR for Organo-Fluorinated Material Design 
As described above, the use of a “superbase” DBU facilitates efficient and fast PFTR, 
hence caging of DBU for photo-release may be possible for light-triggered PFTR. 
Photo un-caging of DBU from photo-base generators (PBGs) has been applied to 
several synthetic strategies which require base activation, e.g. thiol-epoxy or Michael 
additions.312,313 A photo-induced base-release requires a photoactive compound that 
absorbs the incident light and thus originates a base, which triggers the desired reaction 
pathway. The photoproducts should be stable with respect to the released base.  
Photo-base generators (PBGs) provides a fast and additive-free pathway to trigger 
base-sensitive reactions via light. PBGs are a class of less developed photolabile 
precursor, when comparing to photo-acid generators or trigger of 
photopolymerization.314 The efficiency of a PBG is determined by its absorption, 
quantum yield and the basicity of the released base.  
At the start of the PBG development in 1990, photolabile oximes and carbamate salts 
were used to generate amines in light-induced crosslinking reactions with potential for 
applications like coatings in electronic industry.315 However, most derivatives of these 
photo-capped amines are not thermally stable.316 Carbamoyaloximes for example are 
denoted as "blocked isocyanates" due to their tendency of thermal decomposition into 
oximes and isocyanates.317 Since, PBGs were developed to release even stronger bases 
with high quantum yielding transformation. The following text gives a brief overview 
of the most important PBG development. 
The 1st generation of photobases possess the structure of quaternary ammonium salts, 
generating tertiary amines upon C-N cleavage (Figure 54, left).318 These ionic PBGs 
often suffer from the lack of thermal stability, limited solubility in organic media and 
poor photo-efficiency.317 The principle of the 2nd generation of PBGs is the release of 
a caged base by its light-triggered deprotonation. This generation sets a start point of 
PBG design, as the efficiency of the light-absorbing moiety is independent from the 
structure of the released base - which limited the synthetic flexibility for the 1rst 
generation. The 2nd generation of PBGs provides efficient release of stronger bases 
when compared to the rather weak primary and secondary amines of the 1st generation 
of PBGs. The tetraphenylborate (BPh4
-) moieties of the 2nd generation PBGs possess 
good base stability in solution (Figure 54, middle) and the base can be generated by 




- are well-established catalysts for organocatalytic ring-opening 
polymerization (ROP) of norbornene.319 However, the BPh4
- moieties absorb photons 
in the short wavelength ( is ca. 250 nm) region with low quantum efficiency.320,321 
The use of short wavelength for light-triggered reactions has significant drawbacks 
such as potential ozone generation, hazards and risks for health, degradation of 
light-sensitive reagents and limited penetration depth. Thus, the design of visible-light 
absorbing PBGs for red-shifted photo-uncaging is an ongoing pursuit in 
photochemistry.  
 
Figure 54. The three generations of photobase generators (PBG), showing the photolysis 
of quaternary ammonium salts to uncage amines (1rst generation, left), the photolysis of 
tetraphenylborate salts to uncage basis (2nd generation, middle) and the photolysis of 
carboxylate functional salts to release bases under decarboxylation (3rd generation, right). 
The strategy for redshifted PBGs is the incorporation of photosensitizers with longer 
wavelength absorption ( >300 nm) and therefore an effective transfer of the electrons 
from their photoactive center to the subunit of active base generation.315 The photo-
induced base activation (and hence, the deprotonation) of PBGs is often realized via 
decarboxylation of the carboxylate moiety (Figure 54, right). This 3rd generation of 
PBGs facilitates a more flexible design of photosensitizers and to trigger further 
reaction pathways.314 The use of photosensitizers such as polycyclic aromatic 
hydrocarbons can significant redshift the absorption of PBGs to the UV/Vis range ( 
≥ 350 nm), but is often accompanied with formation of radical species.315,322 Among 
the recently developed PBGs, isopropylthioxanthone shows high quantum yields when 
exposed to light at  = 405 nm.323 Thus, PBGs based on thioxanthone scaffolds have 
been utilized as effective one-component UV/Vis photo initiators (max ca. 400 nm) 
for the formation of thiol-ene network by irradiation of light at 365~500 nm.324 In 
addition, thioxanthones-derivatives can cage bicyclic amidines as a latent base and 
have been applied in the light-induced preparation of urethanes from alcohols and 
isocyantes.317,325,326 However, thioxanthones are well-known radical generators.321,327 
Thus, the high photo-reactivity of exited thioxanthone moieties need to be controlled 
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in order to advert radical-mediated side reactions (e.g. formation of carbanions).328,329  
Zivic et al. addressed the modulation of the radical activity of thioxanthone-based 
PBGs by the introduction of aliphatic groups at the -position next to the carboxylic 
unit (see Figure 54).326 
Recently, He et al. reported the design of a photosensitizer, termed TXPA-PBG 
(Figure 55), that can undergo an efficient cascade of photoexcitation, decarboxylation 
and base-release.330 High quantum yields of the N-alkylphthalimide subunit (PA, 
Figure 55, red) have been reported in multiple essays,331–334 and the linkage to 
polycyclic aromatic hydrocarbons (e.g. thioxanthone, TX) generates an efficient 
photosensitizer. 
The TXPA-PBG photobase showed remarkable spatial control when applied to 
photocuring experiments of acrylate-based material, indicating controlled and fast 
photopolymerization. The maximal absorption is at 285 and 418 nm and the authors 
noted highest photoreactivity of TXPA-PBG compared to derivatives of the same 
chromophoric class while irradiating with 405 nm.325 Thus, the TXPA-PBG 
introduced by He and colleagues satisfies the criteria of PBG efficiency (see above) in 
an unrevealed manner. The light absorption ability facilitates the use of significantly 
longer wavelength of light when compared to previous generations of PBGs.  
It is anticipated that the tailored design of the TXPA-PBG is capable for efficient PFTR 
initiation (Figure 56). Upon photodecarboxylation, the superbase DBU is released and 
in turn deprotonates thiols to form a thiolates in organic solvents such as THF or 
acetonitrile. The base-activated thiolates induce PFTR reaction of PFB moieties. The 
thermal stability of the TCPA-PBG (up to ca. 140 °C) is compatible with the conditions 
 
Figure 55. Structure of the DBU-latent TXNP-PBG, designed by He et al., a promising 
candidate for to initiate PFTR reaction for organ fluorinated material design. The 
peripheral thioxanthone (TX) photosensitiser is linked via a cyclohexane-unit in -position 
to the photocleavable carboxylate unit to control the photochemical reactivity and improve 
solubility in organic solvents. 
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of DBU-activated PFTR reactions, which are efficient at room temperature 
already.297,330 
 
Figure 56. Concept of the blue-light release of DBU (red) for base catalysed PFTR (red 
arrow) at pentafluoro phenyl moieties by the use of the photobase generator TXNP-PBG. 
The use of a base strong base like DBU carries potential for side reactions for any 
base-labile components. Thus, the tert-butyl acrylate-based material introduced in 
chapter 2.6.1 and discussed in chapter 3 are not suitable for this envisioned pathway 
of light-induced PFTR reaction.335 Tert-butyl acrylate moieties are prone to hydrolysis, 
releasing acrylic acid pendant moieties and thus expectably induce detrimental side 
reactions for PFTR pathway and efficient starting material for polyacrylic acid 
synthesis via hydrolysis.335,336 Alternative, polystyrenes could be used as they are more 
resistant and the most frequently applied graft copolymers.337 The modification of the 
properties of PFB decorated polystyrene via light-induced grafting with thiols is 
endeavored in chapter 5. The contemplation of a photo-triggered PFTR reaction is a 
novelty to date, as kinetics of photoreactions rather contradicts to the as 
thermodynamically slow categorized PFTR reaction. As the strength of DBU 
facilitates an effective deprotonation of the thiol at room temperature, DBU-mediated 
PFTRs are limited in the choice of thiols. 
It is anticipated that light-induced and DBU-mediated PFTR-grafting can generate 
copolymers with significantly modified properties from the parent PFB-decorated 
polystyrenes. The characteristic properties of fluorinated polymers (as introduced to 
the start of this chapter) are sensitive for the integration of thiol-moieties.338 The 
chapter 5 focuses on the development of light-induced PFTR as a promising strategy 














The precisely folded structure of biomacromolecules, such as proteins and 
enzymes, dictates their biochemical function.339 Taking inspiration from nature, 
synthetic linear copolymers can be folded intramolecularly, forming dense single-
chain nanoparticles (SCNPs).5,132,148,340 The intramolecular crosslinking can be of 
static or dynamic, non-covalent or covalent nature.173 The versatile molecular design 
of SCNPs allows for precise control over their architecture,157,159 conformation and 
size,92,267 rendering them ideal candidates for enzyme mimicry,341 advanced 
catalysis,137 drug delivery,123 or targeted imaging.342 Deducing generalized structure-
property relationships for the size and conformation of SCNPs, regardless of the 
employed synthetic strategy, represents a fundamental step towards the advanced 
design of polymer nanoparticles, which is still lacking today. Yet, the essential 
requirement for the rational design of SCNP with properties close to the perfection of 
their natural counterparts is the fine control of the key parameters affecting SCNP 
formation. Thus, the precise analysis of the macromolecules before and after the 
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folding process is critically required to establish complete understanding of these key 
parameters.  
Analysis of the primary chemical structure of copolymers is conventionally carried out 
via 1H and 13C nuclear magnetic resonance (NMR) spectroscopy, while versatile NMR 
active nuclei enable monitoring the chemical transformations occurring during SCNP 
synthesis. A noteworthy illustration is a study that monitored the collapse of PtII-
SCNPs by phosphine ligand coordination using 31P{1H} NMR spectroscopy and 
corroborated via 195Pt NMR measurements of the metal nuclei.343 1H and DOSY NMR 
measurements was used by our team to monitor step-wise unfolding of SCNPs by 
changes in chemical composition, and hydrodynamic size.134 Furthermore, exploiting 
the high sensitivity of the 19F nucleus, Perez-Baena et al. studied successfully B(C6F5)3 
catalyzed folding reactions.186 
Currently, size exclusion chromatography (SEC) is the most widely employed 
technique for mapping compaction during SCNP synthesis, as it separates molecules 
according to the hydrodynamic volume. The folding of SCNPs leads to a shift of the 
SEC trace towards higher elution volumes, relative to the starting material of the linear 
polymer (Figure 57).340 The assumption of relative size change is only valid under 
ideal SEC conditions, e.g. the separation occurs purely entropically and no enthalpic 
interaction with the columns occurs.340 Meeting these requirements is non-trivial, as 
the folding reaction usually entails chemical transformation. Thus, if the precursor did 
not experience enthalpic interactions with the stationary phase, the SCNP might 
behave differently, and vice versa. If the delay of the elution volume relative to a linear 
precursor is caused by both column interaction and hydrodynamic compaction of the 




Figure 57. SCNP formation followed by SEC: A shift of the SCNP trace in the 
chromatogram, relative to the starting material (precursor), is caused by hydrodynamic 
size reduction. Non-entropic separation processes caused by the chemical transformation 
of the functional groups during the folding reaction cannot be detected by simple 
concentration sensitive detectors like dRI. In this case, enthalpic interaction and 
compaction would interfere with the elution volume of the SCNPs. 
The current limitation in monitoring the folding process of SCNPs relies on using SEC 
with simple differential refractometry (dRI) detection and calculation of sizes based 
on SEC standards. Even detection of absolute molar masses using multi-angle static 
light scattering (MALS) in SEC-dRI-MALS can be strongly limited due to the small 
sizes of SCNP structures.164 In order to gain deeper insight into the nature of SCNP 
folding, advanced hyphenated techniques such as hyphenating SEC-dRI-MALS 
systems to viscometry, fluorescence, or UV/Vis detectors are critically required. SEC-
dRI-MALS enables the study of the molecular conformation of polymers and their 
apparent density, as well as revealing undesired multi-chain aggregation.90,101 
Evaluation of the conformation via MALS requires a certain molar mass range 
(spanning at least two orders of magnitude), making narrowly distributed polymer 
samples difficult to analyze.340 In the case of isotropic scattering (SCNPs below 10 nm 
in diameter), or samples with a low optical contrast, the fundamental evaluation of the 
radius of gyration (Rg) and the absolute weight average molar mass Mw becomes 
impossible via MALS. Quasi-elastic light scattering (QELS, known also as dynamic 
light scattering) can determine the hydrodynamic radius (Rh) of particles down to only 
a few nm, providing information on the segmental density and shape of the separated 
particles via the ratio  = Rg/Rh.340 As aggregation or broad distributions lead to a 
drastic overestimation of the Rh, QELS ideally should be coupled to a size separation 
technique (such as SEC). Unfortunately, the downstream dilution after SEC is an 
obstacle that SEC-QELS characterization of SCNPs has not overcome to date. By 
measuring rheological properties in solution, online viscometry (VS) is truly 
orthogonal to the optical detectors (QELS, MALS, dRI), and therefore capable of 
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analysing samples that isotropically scatter light, as well as samples with low optical 
contrast. The spatial compaction of SCNPs is indicated by a decrease in the intrinsic 
viscosity [], or the viscometric radius (Rη), respectively.51–57 Viscosity data from 
SEC-dRI-MALS-VS experiments allows for the analysis of the solvent specific 
conformation of the polymer, providing valuable information about the 
macromolecular scaling or the solvent quality. Although limited techniques have been 
reported beyond SEC, complementary techniques to SEC separation such as mass 
spectrometry,224 atomic force microscopy (AFM)1,142,156,185,266,267,344,345 or cryogenic 
transmission electron microscopy (Cryo-TEM)53,277 enable detailed insights into the 
properties of SCNPs for appropriate materials. 
Small-angle neutron scattering (SANS) provides unrivalled insights into soft matter 
materials. Due to the use of neutrons as the scattering source, SANS allows for non-
destructive determination of the absolute radius of gyration (Rg) for particles between 
1 nm – 300 nm in size.58 A lot of information can be obtained from SANS data by a 
model-independent analysis, where standard plotting approaches such a Holtzer, 
Kratky, and Porod plots are the most commonly used. Furthermore, a model-dependent 
analysis can be performed by fitting the SANS data to various form factor models, 
which aids in deducing critical information regarding the microstructure (e.g. shape, 
mass fractals or segment density, compactness, stiffness of the polymer backbone, 
etc.), as long as a sufficient contrast is manipulated, e.g. by using either a (partially) 
deuterated solvent or by deuteration of parts of the solute.58 The disadvantages of 
SANS include high costs, the need for high sample quantity and purity, and extensive 
data-processing. However, its ability to provide characterisation in the sub 10 nm 
realm, which includes the majority of SCNPs, makes this an extremely powerful 
analytical tool. Initial neutron scattering characterization by Pomposo et al. provided 
insights into the shape and the compactness of SCNPs.75 Other studies have applied 
Kratky plots to the scattering data of SCNPs to confirm the increase of intramolecular 
density.4,75–78 Recently, a good prediction of experimentally observed relative chain 
collapses was set by a relation from a pool of literature values by invoking Flory-Fox 
theory.11  
Theoretical calculation and simulation frequently assist the interpretation of 
experimental characterization.4,12,306,343,346,347,56,75,89,157,186,195,196,261 Chain-dynamics 
and collapse processes have been assessed, mostly by semi-empirical and statistical 
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approaches.12 Not surprisingly, the complexity of macromolecular dynamics makes ab 
initio quantum chemical calculations less applicable for SCNPs. Limiting the range of 
temperature and polymer lengths, Danilov et al. presented an extensive 
thermodynamic characterization of a reversible selective point folding, spanning the 
opening and closing transition with atomistic models.306 Importantly, Monte Carlo 
simulations enable the simultaneous tracing of the folding process.262 Very recently, 
Sommer and co-workers revealed the underestimated impact of solvent conditions 
during the folding on the SCNP structure.155,265 
Fundamental progress towards understanding the structure-property relationships of 
SCNPs has thrived in the last 10 years. Nevertheless, an in-depth understanding of the 
correlation between the key parameters molar mass and folding group density to the 
resulting SCNP morphology is critically missing. Thus, advanced characterisation 
techniques need to be developed to facilitate the purposeful design of SCNP structures. 
Herein, we fill this critical gap based on a unique combination of analytical techniques. 
The investigated SCNPs are constructed from poly(pentafluorobenzyl-stat-tert-butyl 
acrylate) precursors spanning a defined range of reactive group density (5 to 30 mol% 
pentafluorobenzyl acrylate) and molar masses (20 to 100 kDa), and the resulting 
morphologies are investigated by a fusion of small-angle neutron scattering 
(SANS),19F NMR spectroscopy and quadruple size-exclusion chromatography (SEC-
RI-MALS-VS-QELS), coined SEC-D4. We herein focus on varying the molecular 
weight and the functionalization density along the main polymer chain. A systematic 
variation of the dilinker architecture was not undertaken. The combination of 
sophisticated techniques provides an unprecedented picture of both the outer as well 
as inner structure of compactly folded single chains to deduce general trends of 
structure property relationships for any SCNP material. 
3.2 RESULTS AND DISCUSSION 
The SCNP folding strategy in the current work is based on the regioselective para-
fluoro thiol reaction (PFTR), which allows for the folding of the polymer precursors 
using an external dithiol crosslinker 1,4-benzenedimethanethiol (BDMT). Inspired 
by the work of Roth et al., we employed pentafluorobenzyl acrylate (PFBA) as a 
functional monomer to introduce pentafluorobenzyl (PFB) moieties for the selective 
nucleophilic aromatic substitution at the para fluorine atom along the precursor 
backbone.285 Thiols exhibit increased acidity and nucleophilicity compared to amines 
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or alcohols, allowing for less harsh reaction conditions for the regioselective PFTR 
reaction.300 Importantly, 19F NMR in combination with 1H NMR spectroscopy 
facilitates the precise determination of the absolute SCNP composition, which we 
purposefully manipulated by molar mass and number of crosslinks of our defined 
precursor library (Figure 58). Thus, we tune the morphology of the SCNPs by both 
the systematic variation of the primary structure of precursor chains (repeat-unit 
folding approach), and of versatile length by a folding strategy in a poor solvent.175 
3.2.1 Linear Precursors 
The functional monomer pentafluorobenzyl acrylate (PFBA) was synthesized in a one-
pot procedure described in the Supporting Information (SI, chapter 8.3.4).285 The chain 
transfer agent cyanomethyl dodecyl trithiocarbonate (CMDT) facilitated the reversible 
addition-fragmentation chain transfer (RAFT) polymerization of the functional 
monomer pentafluorobenzyl acrylate (PFBA) and tert-butyl acrylate (tBuA).348 
Herein, three chain lengths of linear precursors with targeted molar masses of 20, 50, 
and 100 kDa were obtained. As depicted in Figure 58, each molar mass was 
synthesized for three different PFBA monomer contents ranging from low 
(approximately 5%, colored green, A samples) to mid (approximately 15%, colored 
blue, B samples) to high (approximately 30%, colored black, C samples) feed ratios, 
randomly distributed per chain. The intended values of the functional group decoration 
do exceed 1% for the samples 20A (2% PFB), 100A (3% PFB) and 100C (28 % PFB), 
indicating slightly varied monomer feed ratios. Lower molar mass of the sample 100C 
(ca. 70 kDa; intended: 100 kDa) is possibly caused by the monomer/transfer agent feed 
ratio according the RAFT mechanism (equation 4). As the amount of PFBA 
incorporation into the precursor backbone is in-line with the targeted values, the 





Figure 58. Polymer library of the general structure depicted in the center of the figure. The 
library scheme (left) shows the sample names denoting target molar mass (indicated by the 
number in the sample name) and PFB functionalisation ( in mol% indicated by the letter in 
the sample name; 5 (A), 15(B), 30 (C)). Experimental data from SEC (absolute number 
average molar mass Mn and polydispersity Ð) are given in the table. The number of 
repeating units, n and m, are calculated from Mn, molar mass of repeating units and 
copolymer composition determined from 1H NMR spectra. Yellow background in the table 
indicates samples that were additionally characterized via SANS. 
Initial SCNP folding of the RAFT-based precursors proved difficult due to the sulfur 
end groups, therefore, we employed a radical-induced oxidation in a facile one-pot 
procedure as described by Barner-Kowollik and coworkers in order to remove the 
terminal trithiocarbonate moieties.24,349–351 The optimization of the conditions of end 
group removal was performed on representative copolymers as described in the SI 
(section 0). The success of RAFT group removal was confirmed by 1H NMR 
spectroscopy on smaller copolymers as evidenced by the disappearance of the 
C(S)SCH2 signal at 3.25 ppm.
28,351 The quantification of the polymer composition was 
performed for both the parent RAFT copolymer, and for the precursor after 
trithiocarbonate group removal via 1H NMR spectroscopy with only negligible 
deviation observed. 
The composition of the polymer (comonomer ratio and crosslinker content for the 
SCNPs) per chain directly impacts the optical properties of the copolymers (refractive 
index, dn/dc, the extinction coefficient, etc.) and all concentration dependent 
measures, respectively. The determination of the optical contrast dn/dc is critical for 
accurate molar mass determination using light scattering techniques and was 
determined for all precursors and the SCNPs. We employed a calculation procedure 
allowing to deduce reliable refractive index increments (Table 3) for any composition 
of the precursors as well as of the SCNPs (refer to section 8.3.3 of the SI). 
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3.2.2 Single Chain Nanoparticles (SCNPs) 
The primary structure of the precursor was designed to enable a systematic variation 
in the final size and conformation of the SCNPs. The mol% of PFB in the precursor 
polymers defines the reactive group density and therefore fine-tunes the number of 
crosslinks in the folding reaction. All crosslinkable moieties of the precursor as well 
as the procedure for the evaluation of the absolute SCNP composition, are depicted in 
Figure 59. 
 
Figure 59. Synthetic strategy of the PFTR-based folding reaction (right box). Composition 
determination (left two boxes): The relative composition of the polymers is associated with 
an absolute number of building blocks for a given Mn of the precursor and the molar mass 
of the building blocks. 19F NMR spectroscopy gives access to the amount of substituted 
para-fluorine atoms and the incorporated crosslinker under assumptions based on the 
distinct amount of PFB units in the precursor chains via 1H NMR spectroscopy. 
Poor solvent conditions during the folding reaction, enabling the densest possible 
conformation of the linear precursor, are critical to generate compact SCNPs, as was 
demonstrated by Sommer et al.155 Optimal solubility of the precursor library was 
observed in polar solvents (e.g. poor solubility, below theta-conditions), facilitating a 
more densely packed random coil of the precursor polymer, thereby leading to a more 
tightly intramolecularly folded SCNP. Thus, the polar aprotic solvent acetonitrile 
(ACN) was ideal for the intramolecular folding process.  
The external crosslinker 1,4-benzenedimethanethiol (BDMT) was added equimolarly 
with respect to the functional PFB groups of the precursor (refer to the SI, section 
8.3.6). The use of an external crosslinker is analogous to substrate binding for enzyme 
activity – a diffusion governed process - thus a higher than stoichiometric amount of 
external crosslinker is required for successful intramolecular folding.139 Polar solvents 
not only facilitate the PFTR, but also the disulfide formation - a parasitic side reaction 
in this instance.301 To overcome this issue, a catalytic amount of 
dimethylphenylphoshine (DMPP) is utilized as a reducing agent to effectively avoid 
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disulfide-linkage of the crosslinker.352,353 This parasitic side reaction would otherwise 
lead to decreased PFTR turnover and intermolecular ligation. 
The successful generation of a structural hierarchy towards SCNPs, based on PFTR 
using an external crosslinker, required comprehensive optimization until a facile one-
pot procedure was established (SI, section 8.3.6). Small additions of a good solvent 
(tetrahydrofuran, THF) was found to assist the PFTR reaction, whilst maintaining poor 
solvent conditions for the macromolecules. THF was added dropwise, under stirring, 
as the reaction rate of PFTR is rather slow in THF,301 until the solution became 
transparent. The required amount of good solvent was found to depend on the molar 
mass and on the amount of PFB incorporation. A clear dependence of the solvent 
quality with increasing PFB concentration (5% PFB (A) > 15 % PFB (B) > 30% PFB 
(C)) in the polymer backbone of the precursor was observed. Highly PFB decorated 
precursors are less soluble because of the highly polar C-F bonds, which can alter the 
overall polarizability and solubility of highly fluorinated polymers.281,354,355 Excess of 
the base triethylamine (TEA) served not only to further solubilize the precursor, but 
also mitigated competitive behavior between the hydroxy endgroup of the precursor 
and the thiol-groups of the external crosslinker.285,286,293,294 Attempts to increase the 
reaction rate by a stronger base were not successful.286,293,297,300,303 To compensate for 
the use of TEA and the dilution required for SCNP synthesis, long reaction times are 
required.301 The long reaction time is also intended to compensate for the increasing 
rigidity of the polymer as intramolecular ligation increases, and the decreasing of 
available PFB moieties.1 The folding reaction was quenched by scavenging the 
unreacted thiols via a Michael reaction with methylacrylate (MA), successfully 
avoiding intermolecular side reactions or column interaction during SEC 
characterization.301   
The reaction times allowed the crosslinker molecules to reach even sparsely 
functionalized precursors in order to transform them into SCNPs at room temperature. 
Near quantitative conversion of the PFTR reaction was observed for the PFB groups 
of the B and C precursors, whereas the side-groups of sparcely decorated A-samples 
(approximately 5% PFB) were transformed with approximately 50-60 % PFTR 
conversion only (Figure 60). The lower reaction rate is in good correlation with the 
lower amount of reactive groups but additional reason is the more open precursor 
conformation, when compared to higher decorated samples of similar molar mass.89 
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Thus, the composition and the conformation of the precursor during the folding 
reaction are influencing the probability of folding events and the intra-chain distances, 
respectively.155  
3.2.3 Composition of the SCNPs 
The turnover of the intramolecular PFTR can be accurately quantified (refer to the SI, 
section 8.3.6.4) via highly sensitive 19F NMR spectroscopy. The pentafluorobenzyl 
moiety shows three distinct signals of the ortho-, meta-, and para-fluorine atoms as 
depicted in Figure 59.285 Whereas the integration of all signals (Fo, Fm, Fp) enables the 
accurate quantification for small molecule experiments, only the signal integrals of the 
meta-flourine atoms in the precursor (Fm) and in the reacted PFB moiety (Fm’) can be 
used to quantify the average conversion of the PFTR for polymers via equation 35. To 
quantify the ligation events, we use the term of ligation density (LD). The LD is the 
number of crosslinking events of the functional side groups with respect to the degree 
of the polymerization of the precursor chain. When comparing different chain lengths, 
the relative value of the LD is a useful measure. Figure 59 shows that the amount of 
substituted para-fluoro atoms is a product of the PFTR-conversion χPFTR (determined 
via 19F NMR spectroscopy) and the molar amount of PFB units in the precursor´s 
backbone (determined by 1H NMR spectroscopy). 
𝐿𝐷 = (𝜒𝑃𝐹𝑇𝑅 ∗ %PFB) (36) 
We obtained a SCNP-library with approximately 3% LD (A-samples), 14% LD (B-
samples) and 30% LD (C-samples) of PFTR-converted side-groups (Figure 58 and 
Table 3). 
Strictly speaking, crosslinking events cannot be derived from 19F NMR analysis of the 
PFTR reaction, since this only describes the reaction with the PFB moiety. The 
bifunctional crosslinker could potentially only be attached with one thiol (Figure 60). 
A crosslinking reaction has occurred only when both sides of the crosslinker have 
demonstrably intramolecularly reacted. According to this folding strategy, potentially 
one-side PFTR-reacted crosslinkers will be scavenged at the other thiol-group by 
methylacrylate (MA), ensuring that any residual free thiols will not form undesired 
intermolecular disulfide linkages upon concentration of the solution. Thus, the double-
sided attachment of the crosslinker to the macromolecules must be confirmed. Due to 
signal overlay in the 1H NMR spectra, direct quantification of the characteristic 
scavenger resonances is not necessarily indicative of the number of potential 
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scavenging events. Instead, the ratio of the integral of the methylene group of the PFB-
unit to the integral of the methylene groups of the crosslinker presented in Figure 60, 
can serve as a validation of the nature of the attachment of the crosslinker. As 
confirmed via the comparison of these 1H NMR spectroscopic integrals to the χPFTR 
(Table in Figure 60), mainly two-side attached crosslinker molecules are present. 
Additionally, the scavenging scenario is negligible and the amount of incorporated 
bifunctional crosslinker molecules is equal to half of the ligation points, respectively. 
As the relative composition of the polymer ultimately dictates absolute number of PFB 
moieties – given the knowledge of the absolute Mn of the precursors and the molar 
mass of the PFBA monomer units - the average number of crosslinker per chain can 
be estimated for every sample. The average number of crosslinker per chain, equal to 
half of the number of the total number of ligation events per chain, increases with the 
total chain length for comparable LD. Comparison of the experimental SCNP molar 
masses (Figure 60, left box, color coded) shows good agreement with the expected 
molar mass increase compared to the linear precursor (Figure 60, left box, red dots). 
Using SEC, we indicate an average molar mass increase of approximately 1-, 6-, and 
12 % for the A-, B-, and C precursor samples, respectively. These values are an 
important further confirmation of the primary structure of the SCNPs, e.g. an increase 
in molar mass but a decrease in size (see discussion below). Thus, the obtained library 
of precursor-SCNP pairs serves well to deduce structure-property relationships with 
regard to the chain lengths and the amount of crosslinker units per chain (Table 3). 
The library is thus key for elucidation the size and conformation of the precursor and 




Figure 60. Possible products of the folding reaction and their validation using SEC-, and 
1H NMR spectroscopy. Right box: The distinct ratio of the backbone-attached PFB 
methylene protons (orange) to the aliphatic protons of the crosslinker (green) allow to 
distinguish between loop-building or scavenged crosslinker. The aromatic resonances of 
the crosslinker (grey) are not suitable for this quantification due to overlap with the solvent 
resonances. The table shows the ratio of the peak areas of PFB signal (normalized to 1) to 
the aliphatic signals of the crosslinker. The ratio of ligation characteristic signals is approx. 
0.5 (for 5% PFB with PFTR conversion 50%) and 1.0 (15% and 30% PFB with PFTR 
conversion 100%) confirming the PFTR conversion obtained from 19F NMR spectroscopy. 
This is additionally confirmed by the Mn-increase (left box) after incorporation of the 
corresponding number of crosslinker molecules (determined by NMR spectroscopy) from 
precursor (red dots) to SCNP (color coded dots) obtained by SEC. 
State-of-the-art SEC-D4 characterization enables a comprehensive analysis of the 
precursor library and their folded counterparts. The successful interpretation of the 
SEC-D4 experiments depends on the precise determination of dn/dc (equation 18 and 
equation 19), which is challenging in case of copolymers with composition variation. 
Very low optical contrast was observed for the precursor library in THF (dn/dc approx. 
0.05 mL/g, see Table 3). Such an observation is somewhat expected due to the highly 
polar C-F bonds decreasing the overall polarizability of multi-fluorinated organic 
molecules, thus, influencing the refractive index increment dn/dc.281,354,355 In contrast, 
sulphur belongs to the group of highly polarizable main group elements and the C-S 
bond has low polarity.356 Therefore, the refractive index of the SCNPs is significantly 
increased due to incorporation of the dithiol-crosslinker. A comprehensive strategy for 
reliable evaluation of dn/dc dependent on the varied copolymer composition for both 
precursor and SCNPs is provided in the SI section 8.3.6.5. The exact knowledge of 
dn/dc is critically needed for samples of non-quantitative mass-recovery during SEC 
separation, which by definition limits the precise online determination of the dn/dc. 
Quantitative mass-recovery in SEC separation for all precursors and most SCNPs (SI 
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Table 9) allowed for reliable SEC interpretation and comprehensive online analysis of 
the dn/dc values of the complete library. 
Table 3. Key parameters of the polymer library determined via 1H-, and 19F NMR 
spectroscopy, SEC-D4 and SANS (in THF, THF-d8). The full list of parameters and 
calculations is available in the main SI tables of the  pages 255 to 257.   
 NMR SEC-D4 SANS 
 PFB DP 
a) 
Ð b) Mw R  dn/dc Rg  A2 lK 
precursors %   
kg 
mol-1 
nm  mL g-1 nm  
mol 
mL g-2  
nm 
20A 2 158 1.09 22.5 3.8 0.56 0.052 - - - - 
20B 14 133 1.10 21.3 3.5 0.55 0.051 - - - - 
20C 31 133 1.07 23.8 3.4 0.59 0.050 5.1 0.67 2.11E-
03 
3.2 
50A 5 414 1.18 65.5 7.0 0.60 0.052 11.6 0.58 2. 4E-
03 
3.6 
50B 14 354 1.24 63.8 6.8 0.59 0.051 10.9 0.60 1.35E-
03 
4.0 
50C 29 302 1.22 60.2 6.1 0.57 0.050 9.8 0.61 8.65E-
04 
4.2 




100B 14 745 1.40 151.5 11.7 0.54 0.051 - - - - 









         
f20A 1 1 1.15 29.3 4.4 0.50 0.054 - - - - 
f20B 14 9 1.17 32.4 3.6 0.37 0.072 - - - - 




















f100B 13 47 1.41 176.1 8.1 0.31 0.070 - - - - 
f100C 28 62 1.21 111.2 5.5 0.22 0.093 7.0 0.32 1.05E-
04 
- 
a) degree of polymerization; b) molar mass distribution Ð = Mw / Mn; c) LD in %; d) crosslinks per chain 
 
 
3.2.4 Molar Mass, Size and Conformation via Advanced Size Exclusion 
Chromatography 
Figure 61a shows the dRI traces from the SEC-D4 separation for the 50 kDa samples 
(complete data is given in section 8.4, SI Table 5), including the molar mass and the 
intrinsic viscosities of the precursors and their folded analogs. Initial observation of 
the dRI traces shows monomodal distribution for the starting material, as well as for 
the SCNPs. The small high molar mass shoulder in some chromatograms is most 
probably caused by backbiting as a side reaction.27,357 This shoulder disappears after 
folding due to further precipitation procedures. Table 3 shows that the overall 
polydispersity Đ is not significantly altered after the folding, indicating that the 
purification after the folding compensates for the generally expected increase of 
polydispersity during the folding process.358 The shift of the peak from the precursor 
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to the corresponding SCNP reveals the apparent decrease of the hydrodynamic size, 
which is more pronounced for higher LDs of the SCNPs. This observation is directly 
supported by the change of the intrinsic viscosity from the precursor to the 
corresponding SCNP (Figure 61a). Figure 61b indicates the direct correlation 
between the extent of apparent hydrodynamic collapse by the peak apex shift along 
the elution volume axis (Ve) to the number of crosslinks per chain for all samples. 
Comparing the samples with similar LD (Figure 61c), it is obvious that the apparent 
hydrodynamic collapse is more significant for longer chains, because they possess 
larger number of segments, which increases the freedom for stronger conformational 




Figure 61. SEC-D4 results of the 50 kDa samples as an example for the trends observed 
for the sample series (100 kDa-, and 20 kDa data are provided in the SI section 0). (a) dRI 
signal showing the shift towards higher elution volumes, a decrease of intrinsic viscosity 
[] due to compaction after folding and an increase of molar mass due to crosslinker 
incorporation. These trends confirm successful transformation from the precursor (open 
dots and dotted dRI line) to their folded analogs (full dots and full dRI line). (b) Estimated 
shift of the elution volume Ve of SCNPs with respect to the unfolded copolymer in 
dependency on the absolute number of crosslinks per chain. (c) Estimated shift of the elution 
volume Ve of SCNPs with respect to the unfolded copolymer in dependency of LD. 
Hyphenation of SEC to dRI and MALS detectors allows for evaluation of the absolute 
molar mass of the macromolecules (theoretical background is given in chapter 2.2.3.3 
and 2.3.2.2). Additional interpretation of the angular dependence of the scattering 
intensity enables the determination of the radius of gyration (Rg). The dependence 
between Rg and the molar mass delivers the scaling exponent  according to equation 
26. 
Unfortunately, the determination of Rg is limited for particle sizes smaller than /20 
nm (with  the wavelength of the incident beam) because of the lack of angular 
dependence of their scattering intensity (isotropic scattering). With size ranges of 
below 12 nm, the SCNPs fall within the isotropic scattering regime. Even though, the 
(a)
(b) (c)
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reproducibility of the triple determination of the Rg values for the 50 kDa-, and the 100 
kDa samples is high (SI Table 10), it is difficult to access Rg-molar mass dependence: 
The reliable determination of the scaling parameter  from MALS requires a spanning 
of at least two orders of magnitude of molar mass range, making narrow distributions 
challenging.340 Nevertheless, absolute molar mass determination was successfully 
performed and a steady decrease of the molar mass with increasing elution volume 
was observed indicating no significant influence of enthalpic interactions on the SEC 
results. The increase of molar mass from precursors to corresponding SCNP (Figure 
61 a and Table 3) clearly correlates to the theoretical amount of incorporated 
crosslinker (C > B > A), confirming the success of the folding reaction.  
As discussed in the introduction, QELS is a complementary approach to MALS for 
determination of small polymers down to several nm. Therefore, part of the SEC-D4 
equipment was a QELS-detector for the determination of the hydrodynamic radius Rh. 
According to the Stokes-Einstein equation (equation 15) Rh corresponds to the radius 
of a hypothetical sphere which possesses the same diffusion coefficient as the 
measured macromolecule. Rh was frequently used for investigation of SCNPs using 
QELS in batch.98,183,184,186 Yet, the scattering intensity is proportional to the radius to 
the 6th power, leading to overestimation of the radii whenever impurities (dust or broad 
distributions) are present in the sample. The limited precision of QELS-batch 
characterization was analysed by our team, noting that it can lead to strong deviation 
from reality.98  Consequently, QELS detection is most effective when coupled to a size 
separation, as each elution fraction can be considered monodisperse.101 Unfortunately, 
poor signal-to-noise ratio is a well-known obstacle due to dilution in the SEC column 
additionally to the low optical contrast dn/dc. Therefore, only the Rh from samples with 
sufficiently high dn/dc (SCNP with high crosslinker incorporation) were successfully 
characterized via online-QELS technique and are listed in SI Table 10. In conclusion, 
due to the limits of the light scattering, the reliable analysis of Rg and Rh was not 
possible over the complete range of samples’ library via SEC-D4.   
Online viscometry is orthogonal to all previously described detectors, as it measures 
rheological properties in solution and is independent of their optical features. In 
contrast to the results from MALS and QELS detectors, the signal of the viscometer 
shows excellent signal-to-noise ratio - even for particle sizes below the size-limit of 
light scattering. The spatial compaction of SCNPs should lead to a decrease in intrinsic 
 
120  
viscosity [η] which in turn is correlating with a decrease in the viscometric radius, Rη, 
according to equation 12 and equation 13. 
Although the methods for determination of Rh and Rη are based on different physical 
principles, both radii are derived under the assumption of a sphere equivalent and as a 
fact, it was frequently found that their values are in a good agreement.60 Viscometric 
radii between 3 and 15 nm are obtained for the linear precursors (Table 3) with a trend 
of increasing average Rη  with the molar mass as expected (Figure 62a).  
 
Figure 62. (a) Viscometric radii R of the precursor (open dots) and the SCNPs (full dots), 
ordered with increasing molar mass (see grey labels as guide for the eye) and LD from left 
to right. The error bars indicate high reproducibility of the results. (b) The reduction of the 
volume ∆𝑉𝜂/𝑉𝜂,𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 (based on Rη  and assuming spherical particles). Very small 
polymers (20 kDa samples) show unexpectedly low values, presumably due to anisotropic 
(2D) folding, which is the result of poor solvent conditions and short segment lengths. 
Assuming spherical polymer shapes, statements about the 3D-contraction relative to 
the precursors volume are possible. The relative reduction of V calculated from R 
(Figure 62b), shows only 20 % volume change for the less PFB decorated A-samples, 
whereas the stronger PFB decorated B-, and C-samples show up to 70 % volume 
contraction.  
The SCNPs of all molar mass ranges clearly follow the expected trend that increasing 
number of crosslinks per chain lead to increasing chain collapse of the SCNPs and 
confirm the volume reduction found by the shift of Ve (Figure 61b,c). 
In contrast to the 50 kDa and 100 kDa samples, we obtain atypical results for the 
smallest (20 kDa) samples (Figure 62b). Sample 20A shows a slight increase of R, 
in contrast to the expected decrease as found for 20C. This increase could be related 
to the fact that 20A, with only one crosslink per chain in average might lead rather to 
an interchain crosslinking, thus broadening the size and molar mass distribution. 
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Indeed, a slight increase of the amount of higher molar mass fractions was observed 
for this particular sample after the folding reaction (SI Figure 42).  For 20B and 20C, 
however, such increase of molar mass is not observed, though no or negligible 
compaction is detected. This result is unlikely associated with experimental error as 
the triple determination of R for all 18 samples shows not only a low uncertainty for 
each experiment, but is also reproducible for each sample (SI Table 10). Nevertheless, 
it is not possible to suggest a lower physical limit for small particle size of this 
technique, as it strongly depends on the pressure, the temperature and the set-up.  
We hypothesize that the short chain length is to be the reason for the atypical size 
development of the 20 kDa samples resulting in smaller volume reduction compared 
to larger precursor chains. Only short distance interactions (e.g. more local 
crosslinking as opposed to end-to-end crosslinking) are possible in shorter chains, 
while longer chains have greater potential for long-distance interactions between the 
macromolecular segments. This is justified with the small number of segments at a 
fixed persistence length. Figure 63 shows the effect of the polymerization degree on 
the degree of compaction, which is even more pronounced for poor solvent conditions. 
While characterisation is carried out in good solvent conditions in the stages before 
and after the folding reaction (Figure 63, green modes), poor solvent conditions are 




Figure 63. Schematic representation of the folding process in a poor solvent showing low 
and high degree of polymerization. Lack of or marginal chain collapse is shown for very 
small SCNPs, whereas significant collapse occurs for the large polymers. This chain 
collapse is justified by SEC-D4 and SANS characterization of the material prior and after 
the folding in a good solvent. In contrast, poor or close to theta-solvent conditions are 
adjusted during the folding. 
The reason for this difference is that high dilutions and the used binary solvent required 
during folding are not ideal for the clear interpretation of analytical experiments. 
Furthermore, the characterization of the starting material in a good solvent represents 
the state of statistical linear chains. However, it should be noted that while the larger 
polymerization degrees lead to conformations close to ideal coil statistics with 
pronounced fractal behavior, the lower polymerization degrees are excluded from this 
behavior and have conformations closer to worm-like chains. Thus, the change to poor 
solvent conditions (Figure 63, red arrows) close to the theta-state leads to a more 
compact precursor conformation when the polymerization degree is sufficiently high, 
increasing the probability of self-interaction to foster a tight intramolecular ligation 
(Figure 63, red mode). The base-induced intramolecular ligation (Figure 63, black 
arrows) can be referred to as a ‘covalent freeze’ of the chain conformation under these 
conditions, giving the quality of the solvent a paramount meaning for the final SCNP 
conformation.123 The subsequent characterization of the SCNPs in a good solvent 
mirrors the dominant morphology of the precursors under the folding conditions.  
Of course, such behavior depends on the number of crosslinks per segment which is 
reflected in the relative numbers of crosslinks per precursor chain (or LD in %). The 
trend of increasing compaction is similar for all molar mass series (see Figure 61c). 
However, the effect of the absolute amount of crosslinks per chain seems to be the 
driving parameter of the folding behavior and is depending on the contour length of 
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the chains. Furthermore, having a particular composition and thus, particular 
persistence length of the macromolecule implies an increasing number of the 
segments (increasing molar mass) will lead to increasing number of long-distance 
interactions between the segments for long chains. In contrast, predominantly short 
distance interactions occur for shorter chains, which may rather occur along the chain 
(2D contraction) than over intra-chain space (3D contraction, according to the 
classical understanding of folding). Further experimental confirmation of other 
repeat unit folding SCNP-systems is beneficial to validate this hypothesis of the 
interplay between chain-length and folding conditions. 
Information on the compactness of polymer chains is obtained by the molar mass 
dependence of the intrinsic viscosity according to the Kuhn-Mark-Houwink (KMH) 
plot, which by theory correlates with the scaling law (equation 26). The KMH plot is 
shown for the 50 kDa sample-set (50A, 50B, 50C) in Figure 64a. Significant change 
of the slope in the log [η] vs. log M plot indicates the change of the macromolecular 




Figure 64. (a) KMH plots of the precursors (open dots) and their corresponding SCNPs 
(full dots) of 50 kDa series. (b) KMH exponents of the whole copolymer library depending 
on the crosslinks per chain. Data for precursors (open dots) and SCNPs (full dots) are 
presented. Limits for statistical coil and hard sphere are indicated in the plot and in the 
table within the figure. (c) Correlation between loop-length (stars) calculated from the LD 
and polymerization degree vs. SCNP conformation according to KMH slope  (dots). 
The average KMH-slopes of all samples are given in Table 3 and in Figure 64. All 
precursors show KMH-slopes above 0.5, corresponding to a polymer coil in good 
solvent conditions.58 Lower values indicate a more compact structure for the 
corresponding SCNPs. The SCNPs of the lowest LD (A-samples) show no significant 
change of compactness, as the KMH-slope only changes marginally. In contrast, the 
compactness of the B-samples is significantly higher due to intramolecular ligation. 
Accordingly, the tightly crosslinked C-samples adopt a mostly compact spherical 
conformation (close to  = 0 for solid sphere). In contrast to the clear impact of the 
LD on the KMH slope, the molar mass does not show significant influence on the 
conformation (Figure 64b). 
The knowledge about the number of crosslinks per chain provides insight into the 
average number of monomer units per loop, a suitable value to estimate the 
compactness of SCNPs. For simplicity, we can assume that the number of incorporated 
crosslinker units is equal to the average number of loops per chain. Relating the 
average number of loops per chain to the total number of building blocks per chain 
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(degree of polymerization, DP), one can estimate the number of building blocks per 
loop for the SCNPs, coined the loop length. Sommer and colleagues recently showed 
that the distances between ligation-events (considered as average loop length) follow 
the distribution for Gaussian chains after folding in poor solvent conditions.155 Thus, 
the average values of LD and polymerization degree of the SCNPs can deliver an 
average of the loop length (see also SI, section 8.3.6.5).175 The results of the average 
loop length show the same trend as the results of the KMH-slopes, indicating a direct 
correlation of the loop length to the conventional measure of polymer conformation 
(Figure 64c). Interestingly, the shortest loop lengths found in the C-series correspond 
with approx. 4 blocks per loop to approx. 2 nm length (assuming C-C bond length of 
0.125 nm). The shortest found block length, thus, corresponds to the average Kuhn 
length of 4 nm calculated from SANS experiments (Table 3) related to a segment 
length of approx. 2 nm. This fact shows that not only the ligation density but also the 
segment length and flexibility of the precursor chain is a limiting factor during SCNP 
formation. 
SEC-D4 analysis with state-of-the art detectors allows for valuable insight into the 
molecular conformation of the precursor library of nine precursors and their folded 
counterparts. While the size determination using online scattering techniques (MALS, 
QELS) were pushed to their limits - due to both, small sizes and low optical contrast - 
absolute molar mass determination and viscosity detection reliably validate the success 
of the folding strategy. Analysis of the viscosity and molar mass show substantial 
potential for size and conformation characterization, keeping in mind the applied 
assumptions. To evidence the reliability of the observed SEC-D4 data and to obtain 
fully comprehensive image of an SCNP architecture, a scattering technique not limited 
to the approximate 10 nm size regime or optical contrast issues is required. We have 
therefore employed the powerful SANS technique to sharpen our understanding of 
these nanoobjects.  
3.2.5 In-depth Size and Conformation Validation via SANS 
SANS is unrivalled in analytical power for soft matter materials, as it provides the non-
destructive determination of the absolute Rg for particles down to 1 nm in size and 
additionally provides the information about the microstructure (shape and segment 
density) of the analyte.359 Contrary to light scattering techniques, the contrast of SANS 
is given by the difference of the scattering length between a dissolved polymer and the 
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solvent. Deuterium labelling provides decent contrast to investigate organic 
macromolecules and makes polymers, which have poor optical contrast, “visible”. Due 
to the employment of THF-d8 as a solvent for SANS experiments, we have good 
solvent conditions for the polymer-library and excellent contrast as already 
demonstrated in previous studies on acrylate-based polymers.13 For our SANS 
experiments, we selected a representative sample set of our original nine precursors 
and the corresponding SCNPs (samples 50A, 50B and 50C as well as 20C, 100A and 
100C). Concentration dependent measurements enable the complete Zimm analysis of 
each sample.68 The evaluation of the scattering intensity I(q) over large range of 
scattering vector q enables information about: (i) the global scaling of the 
macromolecules at low q values and (ii) the macromolecular segments down to the 
size scale of the monomers (details on the setup and theoretical background are given 
in SI, section 8.6). Figure 65a shows an example of a scattering curve of the 50C-pair 
of precursor and SCNP and the ranges of the scattering curve delivering information 
about size (Rg), conformation (scaling exponent  in equation 26) and flexibility 
(segment length or Kuhn length lK) of the polymer chain (all scattering curves and their 
interpretation are given in SI, section 8.6.5.1). As the concentrations of the samples 
are held sufficiently below chain overlap concentration c* (equation 28), interparticle 
interaction is ruled out,360 as confirmed by the absence of a structure factor peak. 
Therefore, we can focus on the form factor P(q) (SI, section 8.6.2) to investigate the 
scattering function of a single isolated polymer particle, revealing information about 
size and shape of the precursors and the corresponding SCNPs.  
Using the Zimm analysis, the absolute Rg and the second virial coefficients A2 in THF- 
d8 were determined and are summarized in Table 3. Absolute particle sizes between 3 
and 17 nm radius of gyration are obtained. Good agreement with the tendencies found 
for R was found (Table 3, Figure 62). Furthermore, good correlation of the Rg values 
with the calculated molar masses from SEC-D4 is observed: already small changes of 
chain length for the 50 kDa precursor demonstrate an impact on the Rg (samples 50A, 
50B, 50C in Table 3). The extent of collapse from precursor to SCNP is in direct 
relation to the extent of LD and correlates with the development of the size reduction 
calculated from the SEC-D4. Figure 65b shows the relative volume reduction Vg in 
comparison to the values calculated from the intrinsic viscosity V. The relative 
volume contraction is clearly dictated by the amount of crosslinks per chain. More 
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precisely, Figure 65b reveals an asymptotic increase towards a maximum relative 
volume contraction of approx. 80 % with increasing ligation density after which a 
plateau is reached. These results confirm the results obtained from SEC-D4 and 
demonstrate that precise size-tuning of SCNPs is predominantly controlled by 
adjusting the precursor LD. 
Having reliable information about the size reduction of the SCNPs after folding, which 
is confirmed by two independent analytical tools, SEC-D4 and SANS, the next logical 
step is to validate the reliability of the peak shift of the SEC chromatograms Ve 
(Figure 61). A linear fit of the Ve increase with increasing crosslinks per chain 
(Figure 65c) allows an assessment of the deviation of the normalized Vg and V 
values from this fit. Although the general tendency is similar, the plot makes 
immediately clear that in contrast to the well overlapping Vg and V, their values 
are strongly deviating from Ve. The reason for this deviation is most likely the non-
ideal entropic separation of the macromolecules, which can lead to a mixed size-
exclusion / interaction mode of separation, thus, influencing the position of the peak 
apex of the chromatogram. Although most of the samples show linear dependence of 
the absolute molar mass (SEC mode) of the elution volume (see SI, section 8.4.2), 
some deviations from linearity can be indicated, showing that co-elution of different 
sizes especially in case of the SCNPs is taking place. The origin of this co-elution 
should be investigated in depth using instruments of separation theory and advanced 
fractionation tools. It should be noted that for the purpose of the current study, the 
mixed mode of separation does not affect the calculation of the main parameters from 
SEC-D4 listed in the SI Table 9. However, this phenomenon of non-ideal entropic 
separation can be misleading in regard to the extent of folding and compaction of the 





Figure 65. (a) Scattering behavior of the precursor and the SCNP of the sample 50C with 
the corresponding regions of the scattering curve used for determination of Rg, scaling 
exponent () and the segment length (Kuhn length, lK). (b) Relative reduction of the volume 
(∆𝑉𝑥/𝑉𝑥,𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟) vs. crosslinks per chain after folding calculated from R (dots) and Rg 
(crosses). The fit of all values should guide the eye. The scheme demonstrates the strong 
reduction depending on the ligation density assuming sphere shape. (c) Comparison of the 
normalized values of Ve (open rectangle), V (dots) and Vg (crosses) vs. crosslinks per 





































































































































































































































Gleichung y = a + b*x
Zeichnen Normalized3
Gewichtung Keine Gewichtung
Schnittpunkt mit der Y-Achse 0.1943429 ± 0.060
Steigung 0.0137477 ± 0.001
















































































































exponent  (from SEC-D4, triangle) vs. the ligation density (precursors – open; SCNPs - 
full symbols). (e) Apparent densities (precursors – open; SCNPs - full dots) and the change 
of the density after folding vs. LD (crosses). (f) Contraction factors g (full dots) and g’ (half 
full dots) vs. crosslinks per chain. Values of g found for 3-arm (0.78) and 18-arm (0.23) 
polystyrene stars under theta-conditions are marked in grey.58  (g) -parameter, a 
generalised ratio between Rg (from SANS) and R (from SEC-D4), gives an insight into the 
segmental distribution and shape of the particles (see scheme) depending on the ligation 
density (precursors – open; SCNPs - full symbols) 
Further information from the Zimm analysis of the SANS results at low q-values 
delivers the second osmotic virial coefficient A2, which is a quantitative measure of 
the strength of interaction between the macromolecular segments. Good solvent 
conditions will lead to positive A2 values, whereas A2 = 0 corresponds to unperturbed 
dimensions of the macromolecules under theta-conditions. The obtained second virial 
coefficients in THF (Table 1) are similar for most precursors indicating good solvent 
conditions and decreasing to theta-conditions with increasing molar mass as 
expected.58 Clear dependency of the A2 from the copolymer composition is observed 
for the 50 kDa samples (see Table 1). In accordance with the proposed hypothesis 
(Figure 63), the SCNPs show a negative A2 close to theta-state corresponding to the 
adjusted and “frozen” compact conformation by folding in a poor solvent (ACN/THF).  
The compact conformation of the folded SCNPs and conformation of their precursors 
is impressively reflected in their different scattering behavior. Figure 65a depicts the 
representative chain collapse of sample 50C visible in the significantly faster decay of 
the scattering intensity of the SCNPs compared to the precursor. The evaluation of the 
negative, reciprocal slope of the scattering curves delivers information on the fractal 
dimension, e.g. the scaling exponent , which describes the relation between the Rg 
and the molar mass of the macromolecules (equation 26). Additional fit to model form 
factors (polymer excluded volume) of the scattering curves P(q) was used to validate 
the evaluated values of the Rg from Zimm analysis and   from the slope of P(q).361 
The results from these fits show very good agreement with the manually evaluated 
data (see chapter 8.6.5.2 and SI Table 11).  
Figure 9d shows that the scaling exponents of the precursor correspond to linear 
Gaussian chain conformation, which is defined by ν = 0.6 in a good solvent.362 
Colmenero et al. recently emphasized the similarity of Gaussian chain conformation 
to the scaling behavior of intrinsically disordered proteins (IDPs) defined by their 
biological task.261 Comparing the precursor to their corresponding SCNPs, a clear 
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trend of increasing compaction with increasing LD is confirmed. Maximal compaction 
approaching sphere-like conformation ( = 0.33) is obtained for the SCNPs of the C-
series of the strongly crosslinked 50 and 100 kDa samples, while the 20 kDa sample 
show still pronounced but smaller compaction. This strong contraction is in full 
agreement with the slightly negative A2 values found in a good solvent (THF-d8), 
which can only be explained by the folding strategy under carefully chosen poor 
solvent conditions (see Figure 63). Furthermore, the analysis of the C-series shows 
convincingly that the conformation changes during folding are not only depending on 
the frequency of the crosslinking events (LD). Having maximum reduction of the 
SCNP volume (at 30% LD, Figure 65b) there is still room to control the final 
conformation from slightly compact chain conformation (20C) to sphere like (50C) to 
hard sphere (100C) by adjusting the absolute number of crosslinks, e.g. chain length.      
The orthogonal analytical tools in this study allow for a unique comparison between 
the scaling exponent  and the KMH exponent  both obtained in the same solvent 
conditions (THF for SEC-D4 and THF-d8 for SANS). Figure 65d further shows the 
 values relation to the   values, which has its origin in the Flory mean-field theory 
as   = (1 + ) / 3.85,123,362 Strong agreement between both values confirms transition 
of the statistical precursor coils into compact, poorly drained by the solvent SCNP 
morphologies. The changes in  from SEC-D4 are, in general, less pronounced than 
the changes calculated by transformation of  to  deduced by SANS. However, 
these deviations are within an allowable range, considering the different principle of 
analysis: SANS is performed in batch while SEC-D4 delivers molar mass dependent 
values after a separation according to size. 
Increasing compaction is related with increasing density, thus, a complementary 
calculation of the macromolecular apparent density can validate the observed 
compaction. The apparent density dapp is derived from the volume of gyration 
(evaluated via SANS characterization) and the corresponding molar mass Mw 
(evaluated via SEC-D4) as follows from equation 27.362  
Figure 65e shows the apparent density values as well as the change of the density after 
folding depending on the LD. The precursors show an average density of dapp = 0.03 
g cm-3 and negligible change of this density is observed for the slightly crosslinked 
SCNPs (A-samples). In contrast, the medium crosslinked SCNPs show already 
significant increase (B-samples), and the strongly crosslinked SCNPs show the highest 
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dapp (C-samples). Our team earlier suggested that the minimum SCNP density is 0.1 g 
cm-3, despite observing a large number of SCNP systems below this density threshold. 
The highest found dapp = 0.25 g cm
-3 for our SCNPs is far below the 1 g cm-3 expected 
for bulk materials, which surprisingly, was reported for some SCNPs.98 It should be 
noted that, the swelling behavior in a good solvent as well as bulky functional groups 
within the SCNP structure could strongly influence the apparent density.  
The change of density upon folding increases steadily with LD (Figure 65e). The 
highest density is observed for the smallest SCNP sample f20C, but peculiarly, the 
change of density due to the folding is only changed to an extent comparable to the 
medium crosslinked SCNPs. In order to understand this effect more precisely, the 
density distribution within the macromolecule should be analysed. For this purpose, 
the generalised ratios  (R/Rg) and  (Rg/Rh) can be used as quantitative indicators of 
the molecular topology of polymers in solution.101,363  indicates the mass distribution 
around the center of gravity and the hydrodynamic draining of the solvent, thus giving 
information about the segmental density in complex macromolecules. Figure 65g 
presents the  values of the samples investigated by SANS and SEC-D4. The topology 
of the precursors corresponds to the density-distribution of a linear coil ( = 0.6). The 
increase of  is minimal for the weakly crosslinked SCNPs (A-samples), and 
significant for the compact SCNPs (C-samples). As a reference, the theoretical 
maximum compaction of solid spheres has the ratio of  = 1.3.364 The SCNP sample 
f20C has the highest mass-centred compactness. These results are confirmed by the 
complementary ρ-parameter (or Stokes ratio) based on the calculation of the Rh from 
SEC-D4 in combination with Rg form SANS (section 8.4.4). The observation of the 
20C sample behavior coincides with the phenomena observed for the viscometric radii 
and the apparent density of the smallest polymers. We explain this phenomena by two 
main reasons:98 (i) as discussed previously, shorter chains undergo predominantly 
short distance interactions under the poor solvent conditions due to limited number of 
segments able to form a loop over longer distances. Taking into account that the 
stiffness of the macromolecular chain is defined by the segment length, low number 
of segments does not allow a significant contraction in 3D sense, and the volume of 
the polymer coils is not significantly changed due to the folding reaction; (ii) at the 
same time, the mass-increase due to the incorporation of the external crosslinker 
contributes proportionally to the apparent density dapp (equation 27). Visualisation of 
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the impact of mass increase on the density upon folding for small molar mass 
precursors is given in the SI, section 8.7.4.  
The reduction of macromolecular size due to conformational changes is a well-known 
key issue in the branching theory, where the concept of contraction factors g (equation 
29) and g´ (equation 30) is applied.58,365,366 The contraction factors indicate the relative 
change of the main structure parameters used in this study, [] (viscosity model) and 
the Rg (radius model). We define the contraction factor as the ratio of the intrinsic 
viscosities of the precursor and the corresponding SCNP for a given DP (equation 29 
and equation 30).58,85 The original introduction of contraction factors within the 
branching theory takes into account changes in [] or Rg at equal molar mass of a linear 
polymer an the branched analog. In our study, we translate this relationship for SCNPs 
contraction at similar polymerization degrees because of the increase of the molar mass 
of the precursor after folding. g and g' possess values between 0 and 1, where smaller 
values indicate a higher contraction. 
Figure 65f shows that both, g and g’ calculated from SEC-D4 and SANS show similar 
tendencies. Since this is the first study in which the concept of contraction factor is 
applied to SCNPs, we can compare the obtained values only with reported branched 
polymers. As a reference, a 3-arm polystyrene star under theta-conditions shows weak 
contraction with g = 0.78 while an 18-arms polystyrene strong contraction with g = 
0.23 is reported.58 It should be noted that the nature of the contraction factor is an 
independent measure and neither the architecture, nor chemical structure and solvent 
conditions need to be considered. The experimental data in Figure 65f demonstrate 
the direct correlation of the contraction factors to the crosslinks per chain revealing the 
minor impact of the molar mass, but strong impact of the crosslinking events. The 
samples with comparable LD (for example the C-samples, black) show only slightly 
different contraction factors, indicating that the extent of contraction increases slightly 
with the length of the precursor chain. As seen by several previous parameters, the 
smallest polymer (sample 20C) shows smaller contraction in comparison to larger 
polymers of the same LD, which supports our hypothesis of limited conformational 
freedom during folding for such small polymers. In conclusion, for quantification of 
the relative compaction of the SCNPs, contraction factors show better suitability than 
the apparent density dapp. Notably, the relation between the g and g’ is point of 
discussion in similar fields of work but beyond the scope of this work.85,362 
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The SANS scattering curves of our library contain much more information than only 
the structural parameters discussed above. The extraction of this information can be 
performed by analysis of the scattering intensity P(q) according to Kratky or 
Casassa.68–70 Kratky and Casassa plots can qualitatively assess the degree of folding 
and are suitable for determination of the flexibility of linear chains using the high q-
regime (see Figure 65a). This analysis is usually applied to concentration dependent 
scattering curves, which leads to simplified data analysis. Although, Hawker et al. 
demonstrated in early SCNP research, that no remarkable differences of Kratky plots 
are given for different concentrations for slightly branched polystyrene-based 
SCNPs,78 we plot the form factor P(q) corrected for angle and concentration 
dependency for sake of accuracy as obtained by our Zimm analysis. 
Kratky plots of the dimension q2P(q) vs. q facilitate to decipher the segment density, 
as a plateau appears for polymers of a Gaussian coil conformation (q-2-slope). In 
contrast, globular structures show a bell-shaped peak (Figure 66c).73,86 Kratky plots 
have been frequently applied to reveal the folding state of proteins, by referring the 
area of the bell above the plateau to the degree of folding.73 This calculation approach 
can therefore, semi-qualitatively assess the degree of intramolecular ligation, as the 
position of the local maximum refers to the linear mass fractions of the particles.69,86 
Kratky plots have already been applied to experimental SANS data of SCNPs to 
evaluate the degree of compaction, for example by comparison to Kratky plots of form 
factors for globular particles.4,75–78 Nevertheless, we exercise caution when directly 
comparing Kratky plots of completely different structures, as performed for the 
scattering form factors of SCNPs and intrinsically disordered proteins to that of 
compact globular proteins.75 Instead, we compare the Kratky plots within a chemically 
similar system (e.g. precursor and the correlated SCNPs, or SCNPs of the same 
building blocks) to elucidate the density and sphericity of the polymers of our polymer 
library (Figure 66). For all precursors, a plateau in a Kratky plot is obtained, 
resembling a Gaussian coil conformation (see SI, section 8.6.3.2). Increasing plateau 
height is, among other factors, caused by the different particle sizes (molar mass), 
which can be shown in a dimensionless Kratky plot (qRg)
2P(q) vs. qRg, see SI, section 
8.6.3.2). Dimensionless Kratky plots have been, for example, applied to synthetic 
SCNPs, intrinsically disordered proteins and globular proteins by Pomposo et al.75 In 
Figure 66a the 50 kDa series of the precursors are shown. Figure 66b shows the Kratky 
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plots of the 50kDa SCNPs (all plots available in SI, section 8.6.3.2). In contrast to the 
less crosslinked SCNPs (A-samples), the strongly crosslinked SCNPs (B- and C-
samples) show a pronounced Gaussian distribution in the Kratky plot indicating 
globular particles as also reported for globular proteins.73 These local maxima of the 
Kratky plot indicate an increased segment density. The position of the apex of the peak 
(in q-dimension) is related to the size of the mass-fractals and resembles the trends 
observed for Rg of the SCNPs (Table 1). Contrary to the classical Kratky plots of 
spheres, a plateau is still present for the compact B- and C-series of the SCNPs at high 
q-values. This observation indicates the coexistence of multiple domains composed of 
dense-fractions and linear chain conformations also observed for proteins,367 leading 
to the assumption that the macromolecule does not possess homogenous segment 
distribution, but linear segments and dense segments jointly exist.69,86 The denser 
segmented regions in the SCNP structures can be described as cross-linking crowded 
regions however, this assumption needs further elucidation using theoretical 
consideration in future studies. 
 
Figure 66. Kratky plots of 50 kDa (A,B,C-samples) and 20kDa (C-sample): (a) linear 
precursor polymers and (b) SCNP polymers. The arrows indicate the shift of the maxima in 
direction of decreasing molar mass (a) and on the mass fraction in direction of decreasing 
size (b). (c) Schematic Kratky presentation of typical tendencies expected and found for 
linear chain, hard sphere and SCNPs. 
Closer look at the 20C SCNPs (Figure 66b) shows that such a plateau is less 
pronounced for this small molar mass sample. This observation, analysed in the 
context of the calculated high apparent density and high segment density found for this 
particular sample (Figure 65e and Figure 65g), confirms low amounts of linear 
segments but rather dense structure with small dimensions. These findings support the 
above discussed hypothesis of short distance interactions responsible for crosslinking 
at low degrees of polymerization, which cannot lead to joined linear and dense, 
globular segments in one SCNP as in the case of the 50 and 100 kDa samples.   
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Similar to the Kratky plots, the Casassa plots of the SCNPs show a significantly 
increased maximum at low q-ranges (SI, section 8.6.4), which is typical for dense coil-
structures. We apply this plot to deduce semi-quantitative information about the coil 
behavior itself, as the height of the maximum increases with decreasing deformability. 
The transition (denoted with q* in SI, section 8.6.4) from coil-like (low q-range) to 
rod-like behavior (high q-range) enables the calculation of the segment length. Another 
way to calculate the segment length is using a fit with model form factors as described 
in the SI, section 8.6.5.1, leading to precise analysis of the particle’s features. The form 
factor model flexible cylinder provides the ability to determine the Kuhn length lK, 
based on simulations of a discrete representation of a worm-like chain model of Kratky 
and Porod and normalized by the volume of a flexible cylinder.368 For this purpose the 
SasView361 application was used, as described in the SI, section 8.6.5.1. Very good fit 
quality was achieved for all precursor samples and assures high reliability of the 
obtained data. The obtained Kuhn lengths of the precursors between 3.2 and 4.2 nm 
are slightly lower than the approx. 4.6 nm found for poly(tBu acrylate).13 The shortest 
lK, thus, the most flexible chain, is found for the precursor 20C, whereas sample 50C 
shows the longest lK - although both precursors exhibit a comparable backbone 
composition. Generally, the A-samples show better flexibility, thus, the low 
crosslinking turnover of the low functionalized precursor is not caused by steric 
hindrance of potentially stiff backbone features, but is solely caused by statistically 
reduced intramolecular ligation events. Focusing on the 50kDa samples, a clear 
increase of lK is indicated, which correlates well with the decreasing solubility in the 
order A > B > C. From these reasons, we assume maximal flexibility of the polymer 
chain of A-precursors. The solvent quality and the chain stiffness, both in means of the 
degree of rotational freedom, are of paramount importance for the efficacy of the 
folding reaction.179, 369 As the bending stiffness of the linear precursor determines the 
probability of intramolecular interaction in space, and therefore influences the 
morphology of the SCNPs, we conclude negligible influence of changing backbone 
composition or stiffness on the SCNP morphology. 
3.3 CONCLUSIONS 
Regioselective para-fluoro thiol cross-linking allows for the precise design of a 
polymer library and its systematic folding into SCNPs defined by predetermined 
numbers of linkage points and molar masses. Thus, two general properties of the 
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precursor structure are investigated regarding their impacts on the SCNPs properties, 
making findings applicable to SCNPs regardless of the employed chemical strategy of 
the folding reaction.  
Extensive 1H NMR spectroscopy, 19F NMR spectroscopy, SEC-D4 and SANS provide 
unique insight into the parameters limiting the formation of SCNPs. We combine these 
orthogonal instruments of advanced polymer analysis to obtain a multidimensional 
picture of the resulting architectures - from the chemical structure to the segment 
distribution to the global conformation. 
The turnover of the crosslinking reaction and resulting size reduction of the formed 
SCNPs relative to the linear precursors directly correlates with two main parameters: 
the ligation density and the conformation of the linear precursor under the conditions 
of the folding reaction. 
Based on molar masses from 20 to 100 kDa and ligation densities from 3 to 30% of 
the precursors, we estimate (i) a lower limit of 5% ligation density for effective 
crosslinking with minimum size reduction during SCNP formation and (ii) a higher 
limit of 30% ligation density leading to maximum achievable size reduction of 80%. 
These limits are additionally influenced by the molar mass of the precursor. For molar 
masses of 20 kDa, 80% volume contraction is not achievable due to lack of long-
distance interactions as a result of low number of segments, which enable limited 
variation of the conformation even under poor solvent conditions.  
In the molar mass range between 20 and 100 kDa, an effective control of the size 
reduction can be observed mainly depending on the absolute number of crosslinks per 
chain in the range between 5 and 40. These ranges are entirely independent on the 
chain length for molar masses above 20kDa. For more than 40 crosslinks at sufficiently 
high molar masses, no further increase of the compaction can be indicated.  
These results are validated by the systematic combination of complementary scaling 
approaches using key parameters including molar mass, second virial coefficient, 
segment length, intrinsic viscosity, gyration, hydrodynamic and viscosity radii and 
apparent density. As an alternative to the apparent density, we introduce the 
contraction ratios g and g´ as simple yet meaningful tools to compare SCNPs 
properties regardless of the synthetic strategy. Calculations of the scaling exponent as 
well as the complementary Kuhn-Mark-Houwink exponent unlock the highest 
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achievable density for the 50 and 100kDa polymers leading to a hard sphere shape. 
However, the segment density based on generalized ratios of different radii and 
detailed Kratky and Casassa analysis of the SANS scattering behavior unravel the 
coexistence of dense globular and linear segments within these SCNP structures. 
These fundamental insights into the parameters ruling the formation of SCNPs enable 
the precise assessment of the commonly used shift of the elution volume using SEC in 
comparison with multidetector SEC-D4 and profound validation of these results by 
SANS. While SEC-D4 has its limits in terms of the use of optical detectors due to very 
small SCNP sizes and low refractive index increment, it is a reliable technique for 
SCNP analysis, when viscosity detection is used. The accuracy of these experiments 
is, however, essentially dependent on precise absolute molar mass analysis using 
MALS detector and the careful determination of the refractive index increment. 
The obtained results from SANS and SEC-D4 demonstrate that the shift of the elution 
volume, even if mainly entropic separation (according to particle size) is operational, 
cannot be used as a reliable detection of size reduction due to SCNP folding. The 
reasons of this limitation can be found in the changes of the chemical composition 
after folding as well as in the very complex conformation of the SCNP structures. 
Further studies on the separation mechanisms in SEC should shed light on this 
question.  
When exploring approaches for size tuned artificial nanocontainers, SCNPs represent 
an ideal avenue between synthetically demanding dendrimers and architectural 
delicate macro-complexes such as micelles or polymersomes. Exploiting the chemistry 
available for SCNP construction, we uncover general guidelines for the tailored design 
of SCNPs with regard to molar mass and number of linkable units for the precursor 
material. The introduced alternative parameters such as g, g’, and  show better 
applicability than conventional ones such as the apparent density and size that are of 
generalized use for encapsulation, retention behavior or for catalytic activities, and 
















Single chain nanoparticles (SCNPs), synthesized via intramolecular ligation of 
linear polymers, are an emerging class of macromolecular materials with promising 
properties in the field of nanoscience.5,186,370 The characteristic intrachain crosslinking 
is induced by covalent or non-covalent interactions of functionalized 
polymers.133,175,371 Although the current state of knowledge spans diverse strategies for 
SCNP syntheses,5 an in-depth understanding of structure-property relationship is 
largely missing. Therefore, high resolution characterization of SCNPs and the 
determination of molar mass and particle size distributions to obtain information about 
the internal structure and their formation processes are essential. Characterization 
techniques usually applied to confirm the SCNP folding give often limited evidences. 
They either allow a discrete insight by microscopy (via electron microscopy or atomic 
force microscopy, etc.) or deliver average values using batch methods (via DLS, SLS, 
etc.).273,340 In case of complex or broadly distributed samples, however, a separation, 
e.g. via size exclusion chromatography (SEC) with suitable detection can help to 
overcome these obstacles.  
4.2 MOTIVATION 
Beside the routine SEC with concentration detection, SEC coupled to multi-angle light 
scattering (MALS) is the most frequently used technique for determination of absolute 
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molar masses and radius of gyration (Rg). SEC is column-based, entropically driven 
separation and reflects the hydrodynamic volume distribution of the macromolecules 
by separation from large to small dimensions with increasing elution volume. During 
their formation, SCNPs undergo a process of compaction caused by intramolecular 
cross-linking thus decreasing the apparent hydrodynamic size resulting in earlier 
elution compared to non-folded precursor molecules.340 Therefore, the folding reaction 
and intramolecular chain collapse into SCNPs can be monitored by the shift of elution 
time. Here, the choice of the detector system is essential for the data quality. Size 
determination by MALS is often affected by small particle sizes (isotropic scattering) 
and/or low particle-solvent contrasts (dn/dc). The addition of online dynamic light 
scattering (DLS) detector for Rh calculation is therefore highly beneficial. Other 
possibilities are the coupling of SEC to high resolution electrospray ionization-mass 
spectrometry (ESI-MS)201,224,372 or to viscometric (VS) detection373  which are 
powerful options in order to overcome the mentioned limitations and to obtain a deeper 
insight into rheological and conformational properties of macromolecules.374,375 
However, for large, complex or delicate samples such as SCNPs, SEC possesses 
several drawbacks. Large particles or conjugates with weak bonds can be degraded 
due to high shear forces or elute without being separated due to pore size limitations. 
Furthermore, enthalpic interactions of functional groups with the stationary phase 
often lead either to retardation of elution resulting in co-elution of different molecular 
species or to sample loss due to irreversible adsorption.376,377 Another limitation is the 
dilution effect after separation leading to reduced signal-to-noise ratios and low data 
accuracy when using optical detection.  
In contrast to SEC, field flow fractionation (FFF) is a flow-based separation 
technique. Here, the separation of macromolecules takes place in a flat channel without 
a stationary phase and is driven by an external field.378 In the asymmetrical flow FFF 
(AF4) the driving force is  a tunable cross flow applied orthogonally to a channel flow 
resulting in a controlled separation of macromolecules according to diffusion 
properties from small to large dimensions with increasing elution volume.379 This 
approach provides huge versatility and suitability for analysis in aqueous and organic 
solvents for complex systems such as polymers, nanoparticles or 
biomolecules.110,116,380 The drawback of this high flexibility in parameter adjustments 
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is the inappropriateness of AF4 as a routine method. The optimization of separation 
conditions must be separately adapted for each new sample set.   
Usually AF4 is coupled with concentration- (dRI, UV) and size-sensitive 
detection (MALS, DLS), which in the case of SCNPs face the same challenges as those 
mentioned above.  Low particle sizes and optical contrast can be over-come by the 
application of additional VS detection after FFF separation. Up to now, the AF4-VS 
combination is a rarity, because of the specific flow control in AF4.  Only few 
applications are reported using thermal FFF381 and high-temperature AF4131 as well as 
in a thermal FFF with quintuple detector system.103 In contrast to thermal FFF, in AF4, 
the integration of a pressure sensitive detector is challenging due to pressure effects 
caused by simultaneous changes of different flows. In order to compensate for pressure 
fluctuations due to the cross flow gradient, dRI baseline signal correction can be 
applied. In this study, we demonstrate the successful application of AF4 with a 
multidetector system including VS detection for the characterization of SCNPs. 
Herein, we present a critical comparison of SEC and AF4 separation and reveal the 
potentials and limitations of both separation techniques equipped with advanced 
multidetector systems. Our study, thus, demonstrates the successful separation of 
precursors as well as their folded counterparts using AF4 in tetrahydrofuran (THF) as 
solvent/eluent. Furthermore, a unique combination of information-rich detectors such 
as MALS, dRI, UV, DLS and VS is presented. A library of linear macromolecules 
with defined chain lengths (20, 50 and 100 kDa) and varied feed ratios of 
pentafluorobenzyl groups (PFB) to control the subsequent ligation density (LD) (5, 15 
and 30 mol%) of the SCNPs (Figure 67, synthesis is described in chapter 8.3.6) are 




Figure 67. Regioselective para-fluoro thiol folding reaction of poly(tert-butyl-co-
pentafluorobenzyl acrylate) linear precursor with variation of pentafluorobenzyl (PFB) 
content for the formation of intramolecularly crosslinked SCNPs with different ligation 
density (LD) using 1,4-benzenedimethanethiol as a crosslinker. 
 
4.3 LIMITATIONS OF SEC  
In our previous report, systematic SEC-D4 measurements enabled extensive 
calculation of molar masses, intrinsic viscosities and radii382 (SI Table 5). However, 
these studies also demonstrate the limitations of SEC, which can cause 
misinterpretation of data after separation via liquid chromatography. On the one hand, 
adsorptive interactions can lead to non-quantitative mass recoveries (< 90 %).340 
Furthermore, retardation of elution is visible in a typical non-linear, up-swing of molar 
masses contrary to normal, ideal separation (see Figure 69a). This effect is more 
pronounced for the SCNPs in comparison to the linear precursors and increases with 
increasing ligation density. Possible explanations for the non-ideal size separation 
could include (i) entanglement effects due to intermolecular interactions leading to 
dense particles with high molar masses and small hydrodynamic volumes, which co-
elute with low molar mass macromolecules, or (ii) anchoring effects induced by 
enthalpic particle-column interactions disturbing the entropically driven diffusion 
processes. Previous SANS382 measurements confirm that high molar mass and high 
ligation density SCNPs can form segmented architectures with dense globular and 
linear segments within one particle, which are potentially able to adhere inside the 
pores of the stationary phase leading to retardation. These effects can be strongly 
pronounced depending on the chemical changes during the folding reaction. For our 
particular samples series, SEC-D4 demonstrates entropically driven separation in the 
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main peak region and works sufficiently well to obtain reliable data. Nevertheless, the 
mentioned limitations are clearly detectable at high elution volumes.  
These, physical effects can be avoided by changing the stationary or mobile phase. 
However, for complex functional macromolecular architectures, the ideal combination 
is elusive. Alternatively, AF4 in which no stationary phase is used can be the solution. 
In order to enable comparison of both separation approaches, the same precursor-
SCNP library was studies by AF4 with quintuple detection (AF4-D5). Contrary to 
SEC, the separation occurs in reversed order. Small molecules with high diffusion 
coefficients elute first, while larger components are eluted later with increasing size.  
4.4 DETERMINATION OF MOLAR MASS 
The molar masses and dispersities are determined via AF4-D5 using the MALS and 
dRI detectors. Increased molar masses after the formation of the SCNPs are confirmed 
by AF4-D5. The complete overview of results is shown in the SI (chapter 8.5 and SI 
Table 6). The SEC data can be consistently verified by AF4 (Figure 68, SI Table 5).  
 
Figure 68. Comparison of the molar masses (Mn) and the dispersity (Ð) obtained from 
SEC-D4 (bars) and from AF4-D5 (crosses) for a) the precursor and b) the SCNPs. 
The recoveries are very high indicating no sample-membrane interaction or loss of 
small sample components through the membrane.  
The high molar mass shoulder in the precursor after SEC can be very well separated 
using AF4 (Figure 69b) leading to the calculation of slightly higher average molar 
masses and dispersities. In contrast to SEC, AF4 reveals small amounts of high molar 
mass species in the SCNP samples, which can be explained with (i) the formation of 
multi-chain nanoparticles formed by crosslinking or (ii) aggregation during the 
focusing step. 
































During the focusing step for relaxation and concentration of the injected sample 
aggregation can be induced (fractograms with LS signals are provided in chapter 
8.5.2). Because of the fact that such high molar mass component were observed in low 
amounts in SEC, too, a superimposition of both effects during AF4 separation can be 
concluded. Additionally, the separation efficiency of AF4 in this region is high and 
enables and effective monitoring of intermolecular cross-linking even in small 
amounts. The main distribution, demonstrates that intramolecular folding during the 
formation of SCNPs can be successfully monitored by AF4. The contraction of 
molecules induces a shift towards lower elution times. This behavior is enhanced by 
an increase of LD. Exemplarily, the chromatograms and fractograms of the precursors 
and SCNPs with a chain length of 50 kDa and varied LD are plotted (Figure 69). It is 
visible, that the elution shift is more pronounced in fractograms of AF4 separation 
compared to SEC, which can be well adjusted by optimization of the AF4 separation 
profiles to increase the separation efficiency.  
 
Figure 69. Elution profiles of precursors (empty circles) and SCNPs (filled circles) with 
varied functionalization density (5 %...green; 15 %...blue; and 30 %...black) and similar 
chain lengths (50 kDa), normalized RI signals and molar masses vs. elution volume 
determined using the MALS-signal a) SEC-D4 and b) AF4-D5.   
It should be noted that an investigation of smaller SCNPs could be challenging for 
AF4. In case of the SCNPs loss of small components through the membrane can be 
expected. The void peak separation for very small and compact molecules is only 
achievable by the application of a very high ratio of cross flow (Fx) and channel flow 
(Fc). The higher Fx, the higher the probability for sample aggregation or sample loss 
due to membrane interactions or ultrafiltration effects.  
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4.5 DETERMINATION OF VISCOSITY 
Despite concerns of coupling VS detection to AF4, we obtain for all samples, 
precursors as well as SCNPs, reliable results via AF4-VS. A baseline correction is 
required for each separation in order to extract sample specific signals from the 
pressure changes induced by the flow program. This additional correction does not 
affect the quality of data and a very high reproducibility is obtained. As we estimated 
based on SEC-D4, for low optical contrast samples with isotropic scattering behavior 
VS detection is an ideal orthogonal complement to optical detectors382. Using SEC-
VS, the expected trend of compaction from precursors to SCNPs is detected by 
intrinsic viscosity [] changes. While the more coiled precursors possess higher [] 
values (Figure 70a and b), the intramolecular crosslinking process induces a reduction 
of [] in the SCNPs. Thus, the lowest viscosities are detected for the SCNPs with the 
highest LD.  
Kuhn-Mark-Houwink (KMH) plot is a valuable tool to comprehend conformational 
changes in the macromolecules before and after intramolecular folding.58 Here, the 
slope of [] as a function of molar mass is representative for conformational properties 
and compactness in a specific solvent (equation 14).  
For spherical, dense macromolecules KMHS exponent  close to 0 is theoretically 
expected, while swollen, linear statistical coils in a good solvent would exhibit  
values between 0.5 and 1.0. The online plots of AF4-VS confirm the hypothesis of 
molecular compaction due to internal crosslinking after the formation of SCNPs. The 
lower the exponent , the more compact and spherical the shape. A general trend for 
SCNPs (20, 50 and 100 kDa) is shown in Figure 70c. The samples with the lowest 
crosslinking density (5 % LD) exhibit  = 0.6-0.7, typical for well solvated statistical 
coils. With increasing LD, the SCNPs become more compact indicating a dense 
globular structure ( = 0.3-0.4). A comprehensive evaluation of SEC-VS and AF4-VS 
data is shown in Figure 70d. All average results (Mn and []w) of the SCNPs are 
summarized in the same KMHS plot. The trends in viscosity development as well as 
the data range of SEC are completely confirmed. The higher the number of internal 
crosslinks, the more compact and dense are the SCNPs. This fact is reflected in the 




Figure 70. Online viscometric plots of precursors (empty circles) and SCNPs (filled circles) 
with varied functionalization density (5 %...green; 15 %...blue; and 30 %...black) and 
similar chain lengths (50 kDa), normalized VS signals and intrinsic viscosities vs. elution 
volume determined by a) SEC and b) AF4; c) online KMHS plots obtained by AF4-VS of 
SCNPs (20, 50 and 100 kDa) and d) direct comparison of average []w vs Mn results from  
SEC-D4 and AF4-D5 of the SCNP series. 
4.6 DETERMINATION OF SIZE AND MORPHOLOGY 
For the determination of sizes and size changes due to intramolecular folding and 
further solvent-specific information about the conformation, the combination of VS 
and light scattering detection after separation was applied. Unfortunately, the radius of 
gyration (Rg) could not be determined accurately especially for the very small SCNPs 
because of the lack of angle dependency of the light scattering intensity (isotropic 
scattering). The accuracy of data increases slightly with increasing size and molar mass 
(100 kDa). Though, for 20 kDa and 50 kDa samples the experimental error is too high 
to observe a reliable trend of compaction because of this isotropic behavior. Here, 
powerful small angle neutron scattering (SANS) experiments deliver reliable Rg 
data.382  
In order to obtain size information in lab conditions for very small samples, DLS of 
VS detection are helpful. In SEC, the downstream dilution effect impairs the 
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determination of accurate hydrodynamic radius (Rh) data (Figure 70a). Especially in 
case of the smallest SCNPs, the data scattering leads to inaccurate results. This effect 
can be circumvented by adjusting the focusing step prior to AF4 separation. During 
the focusing and relaxation step, the injected sample is concentrated increasing its 
amount close to overloading of the channel. One should consider, that this process may 
also result in a higher probability for aggregation due to the increased probability of 
intermolecular interaction, as shown above. The results of online DLS detection 
demonstrate the potential of AF4 to increase the Rh data quality for variably sized 
SCNP samples, yet, significant aggregation was not observed. The low optical contrast 
of the precursors, however, complicated their Rh determination due to a very low 
signal-to-noise ratio. 
 
Figure 71. Online determination of different radii (R and Rh) by DLS and VS detection of 
SCNPs with varied chain lengths and 30 % LD after separation by a) SEC-D4 and b) AF4-
D5 and c) conformation plots of f100B with Rg, Rh and R determined by AF4-D5 
Another suitable size measure is the viscometric radius (Rη) from the VS detector 
(equation 12 and equation 13). AF4-VS delivers consistent results with those from 





















c) scaling plots of f100B (AF4-D5)
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internal crosslinking, the compaction is visible in a decrease of Rη (see  Figure 71 and 
SI Table 6). The determination of Rh and Rη is based on different physical principles, 
however, for their calculation a spherical shape of the particles has to be assumed. The 
comparison between the calculated Rh and Rη values shows that they are in a very good 
correlation. Rη shows the same molar mass dependent increase for the precursors and 
the correlating compaction after SCNP formation (Figure 70c). In addition to the 
rheology-based scaling behavior of intrinsic viscosities (KMH plot), the function of 
molar mass vs. radii known as the scaling law provide additional information about the 
conformational properties of the SCNPs (equation 26).  In Figure 71c, the scaling plots 
of the three different radii Rg , Rh and Rη are presented for the 100 kDa SCNP with 
15 % crosslinking. This comparison clearly demonstrates that the different radii show 
almost identical behavior. The slope of all curves is between 0.42 and 0.46, which is 
typical for compact polymer coils with a more compact, less expanded conformation 
compared to ideal coils in good solvents. This behavior confirms the findings of the 
previously mentioned compaction after the folding reaction. 
4.7 MAPPING OF CROSSLINKS FORMATION 
Not only is AF4-D5 a powerful tool in the characterization of the physical structural 
properties of SCNPS, it can also be applied to map the folding reaction as well to 
obtain chemical information. Here, the absorption behavior of the incorporated 
crosslinking unit is used to establish a novel quantification strategy. At a wavelength 
() of 300 nm the absorbance of precursors and folded SCNPs differ significantly. 
While the chemically converted ligation units (see UV spectra and signals of different 
components in chapter 8.5.4) have a pronounced absorption at 300 nm, the absorption 
of precursors is marginal (less than 0.5 %, SI Figure 54) and can neglected.  The ratio 
of UV peak area after the optimized AF4 separation and the calculated number of 
crosslinked units (LD) allows to generate a “quantitative calibration” as an alternative 
to e.g. spectroscopic methods (nuclear magnetic resonance (NMR) or infrared (IR) 
spectroscopy) and enable comparison of the relative LDs for each particular SCNP 
size. For this purpose, the absolute amount of eluted SCNPs is considered. It is 
obvious, that with increasing LD the UV300nm signal increases independently from the 
size as shown in Figure 72a. Therefore, it can be deduced that only the influence of 
the crosslinker unit is selectively defining the intensity. Figure 4b shows that the 
increase of signal area is linearly proportional to the increase of LD. This allows the 
  
149 
establishment of a linear calibration with a very good regression factor R² (0.973) as 
quality benchmark (see Figure 72b). The procedure of LD quantification by 
AF4-UV300nm  is well-suited for SCNPs with unknown crosslinker amount under the 
presented separation conditions. 
 
Figure 72. a) UV300nm signals of SCNPs with different chain lengths and ligation densities 
(LD, 5 % ... green; 15 % … blue; 30 % … black) and b) results of quantification of ligation 
density (LD) using UV300nm signal area (AF4-D5), each data point is an average of threefold 
injection. 
4.8 CONCLUSION 
In summary, we present a critical comparison of two different techniques for the 
separation of SCNPs and their linear precursors. Within this study, we introduce a 
novel combination of AF4 with quintuple detection in organic eluent, which is an 
excellent alternative to SEC-D4, when SEC reaches its limits due to strong dilution or 
interactions with the column stationary phase. AF4 enables improved data quality due 
to the possibility to increase the injected sample amount during focusing. Focusing can 
lead, however, to slightly larger molar masses due to aggregation. KMHS and scaling 
plots reveal the molecular compaction of particles due to intramolecular crosslinking. 
Furthermore, the tendency of the formation of much denser SCNPs by increasing the 
ligation density was confirmed. We introduce an approach for the quantification of 
ligation density by using UV detection at 300 nm, specific for the presence of the active 
crosslinker groups. This calibration could be used as an alternative or validation for 
e.g. spectroscopic data.  
With AF4-D5, we thus establish a highly valuable tool for tracking SCNPs 
formation. Despite the many advantages compared to SEC, the limits of AF4 should 








Chapter 5: Visible Light Induced para-




Post-polymerization modification (PPM) of macromolecules is a key approach to 
designing materials with complex architectures and advanced properties.383,384 PPM 
allows for the rapid synthesis of a variety of polymers with different properties from a 
starting polymer, while retaining their backbone chemical structure and dispersity. 
Furthermore, functional groups that would impair the polymerization, or degrade 
during the synthesis, may be introduced to the polymer chains by PPM. Over the last 
decade, the toolbox of PPM chemistries has been significantly expanded, enabling the 
development of novel functional polymers and the study of structure-property 
relationships. Examples of such reactions include free radical thiol-ene/yne addition, 
385,386 Michael addition,387,388 copper-catalysed alkyne azide cycloaddition,389–391 Diels 
Alders cyloaddition392,393 and electron-demanded inverse Diels Alders ligation.108 
Most of abovementioned reactions can be carried out under mild conditions with high 
efficiency and modularity, and are often categorised as “click” chemistries. 
More recently, the nucleophilic substitution between para-pentafluorophenyl (PFP) 
and thiols has been increasingly used in PPM, attributed to the accessibility of the 
small molecule precursors.296,394 PFP-containing monomers, such as 
pentafluorostyrene and pentafluorobenzyl acrylate, are commercially available and 
can be polymerised using a range of techniques, including atom transfer radical 
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polymerization (ATRP),395,396 reversible addition–fragmentation chain transfer 
(RAFT) polymerization,397 and multicomponent polymerization.294 Similarly, a 
number thiols with various functionalities are commercially available, or can be 
readily synthesised. Earlier studies on para-fluoro-thiol reaction (PFTR) for PPM 
mostly employed trimethylamine (NEt3) as the catalyst, while the introduction of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) significantly reduces the reaction time, 
temperature and amount of base activator in PFTR. Generally, an excess of thiol and 
base activator, compared to the PFP group, are often required for PFTR,294 which 
excludes the reaction from the click category.398 Nevertheless, the mild reaction 
conditions, fast reaction times and easy access to precursor make PFTR a promising 
tool for PPM. The amount of base activator used for PFTR can be reduced by 
employing a co-catalyst, such as tetrabutylammonium fluoride,294 or using a thiol-
protecting group that can be cleaved by flouride anion.399 However, such additions 
necessitate changed reaction conditions, such as inert environments or specific 
solvents. 
The utility of PPM can be significantly expanded in materials engineering when the 
modification is initiated by light. The spatial and temporal control that light provides 
enables the chemical process to be used in advanced applications such as chemically 
amplified photoresists, stereolithography, surface patterning and direct laser 
writing.400 A general approach to introducing a light-trigger to the PPM is the caging 
of the reactive groups with photolabile moieties such as ortho-nitrobenzyl (o-NB), 
bimane, coumarin, or boron dipyrromethene fluorophore (BODIPY).399 Such a 
strategy has been successfully employed in the photo-triggered Michael addition and 
oxime ligation. In the context of PFTR, this strategy is not suitable due to the 
requirement of a high amount of the base activator, which can adversely affect the 
photoreactivity of the chromophore. In particular, NEt3 was reported to inhibit o-NB 
photocleavage,353 while DBU can cause degradation or hydrolysis of coumarin.399 
Furthermore, NEt3 and DBU may catalyse side reactions between the newly released 
thiol and photo-cleavage side products, e.g. aldehyde or ketone,401 or the formation of 
the disulphide, consequently impedes the para-fluoro-thiol ligation. Herein, a PFT 
ligation that can be initiated by light remains elusive. 
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5.2 PHOTOGENERATION OF BASES 
Another strategy for light-induced ligation is the caging and photo-triggered release of 
bases that can catalyse various chemical processes such as Michael additions,402 thiol-
epoxy addition330 or ring-opening polymerization.320 In this approach the temporal 
control is rather limited because the reactions will proceed even after the light is 
switched off. Nevertheless, the photogeneration of various bases have been used to 
provide light regulation over many processes, such as the polymerization of ɛ-
caprolactone and L-lactide, and polymer crosslinking.403 One particular avenue that 
remains to be explored is the photo-generation of a suitable base, such as DBU, which 
could enable the activation of PFTR.  
Herein we report a strategy towards light-enabled PFTR by using a thioxanthone-DBU 
salt which, under visible light irradiation, can undergo rapid decarboxylation to release 
DBU for the activation of the PFTR (Figure 73). We demonstrate the applicability of 
this approach in polymer chemistry by grafting various thiol-containing molecules to 
a PFP backbone and inducing polymer crosslinking. The external regulation over PFT 
ligation opens venues for the preparation of complex macromolecular architectures 
and functions. 
 
Figure 73.  Scheme of the photo-uncaging of DBU for base catalysed PFTR. 
In the herein presented approach towards light-enable PFTR, we initially 
targeted the synthesis of the visible light absorbing photobase generator (PBG) 
thioxanthone-DBU (Figure 73). This PBG was prepared from 3-nitrophthalic 
anhydride (SI Figure 86 of chapter 8.9.2) with an overall yield of 21%.404 
Thioxanthone-DBU has a maximum absorbance at 427 nm and an extinction 
coefficient of 2.8∙104 M−1 cm−1 in THF. Treatment of thioxanthone-DBU 
solution in THF with blue light irradiation (λ = 420 nm, I = 3 W cm-2) led to a 
rapid disappearance of the visible absorbance band (Figure 74, left) and an 
increase in the pH of the solution from 8.1 to ca. 12.5. Complete disappearance 
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of the absorbance band (λmax = 427 nm) was observed within 3 min of 
irradiation. The photobleaching effect at the irradiation wavelength is highly 
beneficial in photo-release, as it reduces the filtering effect that causes light 
attenuation during the course of light treatment.330 We further observed the 
release of CO2 from the thioxanthone-DBU solution during irradiation. 
 
Figure 74. UV/Vis spectra of the thioxanthone-DBU solution in THF showing the changes 
in the absorption during the course of blue light irradiation; c) the consumption of the 
starting pentafluoro toluene starting materials and appearance of the thioether ligated 
product from light-induced PFTR  followed by 19F NMR 
In addition, NMR and mass spectrometry analysis of the solution post-irradiation 
indicated the presence of DBU (SI Figure 89 and SI Figure 90). Altogether, these data 
indicate the successful release of DBU from thioxanthone-DBU under blue light 
irradiation. 
5.3 SYNTHESIS OF SMALL THIOETHER 
We next investigated the potential of the photo-generated DBU for the activation of 
PFTR between pentafluoro toluene and butane-1-thiol in THF, which is known to be 
a good solvent for the PFTR.297 19F NMR spectroscopic data show the complete 
disappearance of the benzylic fluoro signals (at  -168 ppm, -163 ppm, and -145 ppm) 
of the starting materials and the appearance of the new fluoro signals (-146 ppm 
and -139 ppm), characteristic of the ligated product within 1 h of blue light irradiation 
(Figure 74, right). 1H NMR spectroscopy also indicated the formation of the thioether 
product (SI Figure 91), further confirming the successful PFTR utilising photo-
released DBU. It is important to note that the PFTR did not proceed when the light 
source was extinguished, suggesting that the DBU was consumed during the reaction. 
This is in contrast to most photocatalytic reactions employing caged superbases such 
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as DBU, 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), or tetramethylguanidine 
(TMG),320,330,402 in which the reactions proceed long after the removal of the light 
source. 
To demonstrate the broad substrate scope of the light-induced PFTR in organic 
synthesis, we attempted to synthesize a series of small thioether molecules from 
butane-1-thiol with pentafluorobenzyl (PFB) derivatives (Table 4) using 
thioxanthone-DBU and a blue light (420 nm) trigger. The high efficiency of the 
ligation enables the purification of the products by simply running the solution through 
a short silica gel column (to remove the side-products) and solvent evaporation to give 
thioether products in good yield (87-92%). Using this approach, we were able to react 
PFB compounds, containing hydroxyl and ester groups attached to the PFB, with 
butane-1-thiol. Note that the ligation is not suitable for reacting compounds containing 
the ketone group, possibly due to the base-catalysed thiol-ketone side reaction. 
Table 4. Structure of the compounds used in small molecule PFTR and the yieldsa. 
R1 R2 Yieldb 
  91% 










areaction conditions: molar ratio of [PFB : thiol : thioxanthone-DBU] = [1 : 1.05 : 1.1] under blue light (λ = 420 nm, I = 3 W 
cm-2) irradiation for 2 h; byield is calculated based on the amount collected after column chromatography; calthough 19F NMR 
spectrum indicates complete conversion, 1H NMR spectrum shows a number of unidentified chemical shifts which could not  
be assigned to the ligated product. 
5.4 POLYMER GRAFTING  
To demonstrate the versatility of this light-enabled ligation for post-polymerization 
modification, poly(styrene-co-pentafluorostyrene) was synthesised via free-radical 
polymerization and the PFB pendant groups were grafted onto the polymer with thiol 
compounds (Figure 75a). An excess of both thiol and thioxanthone-DBU were used, 
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relative to the para-fluoro benzyl, to account for the consumption of the released DBU 
during the course of the reaction. In all cases, efficient modification of the polymer 
pendant PFB groups was achieved with high yield (>90%) and conversion (70-99%) 
of the pendant PFB groups, as evident in 1H NMR, 19F NMR spectra and size exclusion 
chromatography of the polymer products (and Figure 75b). Without light irradiation, 
the solution containing P1 and its associated reactants was found to be stable for up to 
six days, as indicated by SEC analysis (chapter 8.9.5.1 and SI Figure 101). Notably, 
the reaction conditions tolerate reactive groups such as carboxylic acid (P3) and 
alcohol (P4), resulting in polymers with properties significantly different from those 
of the starting polymer (P1). In particular, P3 is soluble in NaOH solution 0.1 M at the 
concentration of ≤ 1 g ml-1. P4 is soluble in protic solvents including water, ethanol 
and methanol at concentration ≤ 0.5 g ml-1 but insoluble in chloroform. In contrast, P1 
and P2 are soluble in chloroform but are insoluble in water and methanol regardless of 
the solution pH.  
 
Figure 75. Scheme of co-polymer synthesis by free-radical polymerization and post-
polymerization modification, and b) SEC traces of the polymer and grafting products, the 
molecular weight of P1 was 120.6x103 g mol-1, and was increased to 161-224x103 g mol-1 
after photo-initiated grafting (SI Table 12). 
An attractive feature of the visible light-enabled PFTR reaction is the application of 
sunlight as the energy source to power the process. Therefore, we attempted to prepare 
P2 from P1 and butanethiol in the presence of thioxanthone-DBU by placing the 
solution mixture under sunlight for three hours (from 9 am to 12 pm, SI Figure 102). 
We observed the change in pH of the solution, in addition to the CO2 release under 
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sunlight irradiation (Video S1). NMR and SEC analysis of the polymer collected from 
sunlight irradiation showed that the formed product was similar to that obtained from 
polymer grafting using the LED light source (SI Figure 103), indicating efficient 
polymer grafting by sunlight.  
5.5 POLYMER CROSSLINKING  
To further highlight the utility of this type of photo-triggered ligation in polymer 
chemistry, we crosslinked P1 with hexaethylene glycol dithiol using thioxanthone-
DBU in THF and under blue light irradiation (Figure 76a). Effective crosslinking was 
observed, with gelation occurring as soon as the solution mixture was treated with 
light. Rheological analysis also showed an increase in the storage modulus of the 
solution (Figure 76b), further confirming that crosslinking is occurring under light 
irradiation. Importantly, the temporal control of the light-induced reaction was shown 
via rheology assessment, in which the crosslinking was halted when the light was 
switched off, further confirming the mechanism that DBU is consumed during the 
PFTR. Therefore, the light-enable PFTR is uniquely different from all other reactions 
employing photogeneration of a base catalyst, in which the reaction continues even 




Figure 76. a) Scheme of polymer crosslinking and b) Rheological data of the crosslinking 
process showing the evolution of G’ and G” when the polymer solution (10 mM) was 
irradiated with blue light (λ = 420 nm, I = 10 mW cm-2). 
In conclusion, we have demonstrated the first example of light-enabled PFTR using a 
visible light absorbing PBG thioxanthone-DBU. The rapid release of DBU under blue 
light (420 nm) irradiation allows for efficient para-fluoro-thiol ligation, which can be 
used in the synthesis of small thioether molecules. The versatility of this photo-
triggered ligation was demonstrated by efficient modification of polymer side chains 
and polymer crosslinking. Furthermore, the PFT ligation could be initiated by sunlight, 
presenting a non-destructive and low-cost technique for the construction and 








Chapter 6: Conclusion 
 
Aware of the essential need for guidelines of single-chain nanoparticle (SCNP) design, 
the current thesis focused on a representative in-depth investigation of the folding 
behavior of a model precursor library and the implementation of light-triggered 
pathways for the employed para-fluoro thiol reaction (PFTR) ligation. Purposeful 
modification of the key structure-features of the library precursor, namely the ligation 
density (LD) and the linear chain length (DP), were investigated regarding their impact 
for the physicochemical properties of intramolecularly collapsed SCNPs. The library 
analysis implemented concentration-dependent neutron scattering characterization and 
advanced multiple-detector analysis of size-uniformed polymer fractions, obtained 
from complimentary chromatography- and flow-based separation. The applied 
analytic essays were performed in the same solvent, enabling mutual data evaluation 
of orthogonal techniques. PFTR enabled efficient intrachain-ligation and its benefits 
were transferred to blue light triggered protocols using a photo base generator (PBG), 
generating tetrafluorophenyl thioether moieties in small molecules and as subunits in 
complex macromolecular structures. 
The key finding of the different chapters are as follows: The maximal sensitive 
intrachain collapse of linear precursor via efficient PFTR is true for a functional group 
decoration between 5 and 30 %, folded under poor solvent conditions. In alternative 
to conventional tools of SEC separation, the asymmetrical flow field flow fractionation 
(AF4) is a powerful technique to monitor the structural and chemical properties 
affected by the internal folding process. Complementary to the classic understanding 
of PFTR reactions, efficient and fast PFTR can be triggered via blue light using 
photocaged 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), enabling broad use of thiol 
reactants for thioether modification of pentafluoro phenyl decorated materials.  
This work expands the understanding of the paradigms dictating the intra-chain 




Chapter 3 focused on the physicochemical description of the intramolecular ligation 
(folding) of a model library to obtain general structure property relationships for SCNP 
design. Small angle neutron scattering (SANS), 19F NMR spectroscopy, and online 
quadruple detection coupled to size-exclusion chromatography (SEC-D5) provided a 
information-rich dataset, which was mutually evaluated to a coherent and 
comprehensive description of the chain collapse in correlation to the SCNP structure. 
Pentafluorobenzyl (PFB) moieties were employed as chain pendant reaction centers 
for the efficient para-fluoro thiol (PFTR) ligation. Controlled copolymerization 
generated an acrylate-based precursor library of systematic chain lengths and statistical 
PFB decoration, suitable for defined SCNP synthesis upon folding via PFTR. This post 
polymerization modification was performed under poor solvent conditions using an 
external dithiol crosslinker, facilitating the design of exclusively intramolecularly 
ligated SCNPs with tailored intrachain-density graduation. The absolute molar mass 
detection and nuclear magnetic resonance enabled the absolute quantification of 
incorporated bidentate crosslinker and the determination of the statistical average loop 
length for every SCNP. Absolute quantification of the dimension of polymer chain 
collapse was performed via angle-dependent light and neutron scattering techniques 
respective the polymer hydrodynamic size and the polymer concentration. The 
obtained radii of gyration Rg for the 18 library samples cover the range from 4 nm to 
17 nm, and maximal chain collapse of 80 vol% upon folding was achieved. The chain 
flexibility, estimated by the chain segment lengths, showed only slight sensitivity to 
the chain composition and a negligible effect for the folding efficiency. The conjunct 
use of angle-dependent scattering analysis, quasi-elastic light scattering technique and 
viscometry proofed as a valuable analytic ensemble. The topology, the shape, the 
density, the conformation and versatile measures of size of both the nine precursor and 
the corresponding SCNPs were determined, and a detailed structure-analysis of the 
chain-transformation in dependency of ligation density and molar mass was possible. 
The modification of the LD showed consistent trends for the change of size and 
morphology for all three chain lengths (20kDa, 50kDa, 100kDa). Most effective 
variation for the chain collapse was determined for LD - range of 5 mol% < LD < 30 
mol%. In contrast, SCNPs of low LD show sparse chain conformation and the lack of 
significant morphological change indicates limits of the classical understanding of a 
folding reaction. We revealed limited chain contraction regardless the ligation density 
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for short chains (20 kDa), indicating their restricted potential for long-distance 
interactions between chain segments. Maximal dense SCNPs were observed for 30 % 
LD independent from the chain lengths. In this context, the employed long time folding 
under poor solvent conditions showed efficacy for endeavored maximal chain 
collapse.  
In conclusion, the statistical chain design (repeat unit approach) facilitated the 
generation of defined and maximal segment density. The agreement of the results of 
batch- or from size-separated analysis is a further confirmation of particle 
homogeneity. The physicochemical changes of chain collapse were monitored up to 
microscale precision and are in coherence to the chemical description of the chain 
transformation and provided therefore firm guidelines for SCNP design. Optical 
detection was pushed to physical limits due to very small SCNP sizes and low 
refractive index increment, whereas exceptional data quality was obtained via 
viscometry (VS) detection with a precision of size-determination in reach of 
sophisticated neutron scattering technique. 
Chapter 4 examined asymmetrical flow field flow fractionation (AF4) coupled to 
quintuple detection (AF4-D5) for the suitability of SCNP characterization by 
application to the polymer library of chapter 3. The application of the same detectors 
as employed for opposing SEC separation, enriched by an additional UV/Vis detector, 
enabled a critical assessment of the separation power of both separation techniques. 
The coupling of the AF4 technique to a pressure sensitive viscometer in organic 
solvent (tetrahydrofuran) and its application for SCNP characterization was a novel 
approach.  
The tuning of the crossflow, the driving force of AF4 separation, was challenging. One 
isocratic flow profile - optimal for the 50 kDa samples - was applied to all samples 
(20, 50, 100 kDa), facilitating desired comparability of the results. Broad peaks of the 
large samples (100 kDa) the same as the elution of the smallest samples (20 kDa) close 
to the void peak were accepted. The resulting low effective detector concentration of 
the large samples led to decreased data quality (molar mass determination and 
correlated measures like R, etc.), which was rectified via molar mass fitting.  The 
applied flow field allowed to fractionate all library samples and showed the expected 
dRI peak-shift in retention volume between precursor-SCNP pairs in the expected 
SEC-opposing order, resembling the hydrodynamic compaction upon intramolecular 
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chain collapse. A screening comparison of the separation force showed, that the 
separation efficacity in AF4 fractograms exceeded those of SEC chromatograms for 
the 50 kDa samples. The trends of versatile parameters (molar mass, polymer 
dimension, density and conformation) obtained after successful AF4 fractionation 
agree to previous observed results from SEC (chapter 3). 
To obtain an improved signal-to-noise ratio, three times higher sample loads (600 µg 
polymer) were injected and concentrated close to overloading and without online 
aggregation by exploitation the focus-flows. Herein, the data-quality of the quasi 
elastic light scattering (QELS) detection exceeded the data obtained from SEC 
measurement for the large (100 kDa) samples or higher optic contrast (> 0.09 mL∙g-1). 
Still, the low optical contrast of the precursor was detrimental for accurate size 
determination (radius of hydration Rh and Rg), especially for the smaller samples (20 
kDa and 50 kDa) close to isotropic scattering behavior. High mass recovery validated 
the absence of adverse effects of instrument-particle interaction. Pressure fluctuation 
was addressed via signal correction (blank baseline subtraction). The required frequent 
record of blank baselines for this operation turned as a drawback for measurement time 
and organic solvent consumption. Quantitative measure of the incorporated crosslinker 
as a function of hydrodynamic polymer size for all library samples highlighted the 
aptness of the AF4 technique for SCNP analysis. The crosslinker selective absorbance 
( = 300 nm) increases with both the LD for comparable chain lengths and with the 
chain lengths for comparable LD, complementing the data of absolute amount of local 
crosslinker moieties, as derived in chapter 3. 
Briefly, this chapter expands the scope of advanced methodologies for SCNP 
characterization. A critical comparison to the in chapter 3 performed SEC-D4 
technique showed, that the AF4 technique can rectify well-known challenges of SEC 
separation like downstream dilution or interactions with the column stationary phase. 
Chapter 5 demonstrated a pathway of light-induced para-fluoro thiol reaction (PFTR) 
upon blue light ( = 420 nm) irradiation, employing thioxantone-based photobase 
generator (λmax = 427 nm). The base-generator was prepared in a 6-step synthesis from 
3-nitrophthalic anhydride (yield 21%). The base 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DBU) was released upon photodecarboxylation to activate versatile thiols for the 
PFTR reaction in organic solvents, thus exploiting the base-strength for fast and 
effective activation of PFTR pathways at room temperature. 19F NMR- and 1H NMR 
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spectroscopy and liquid chromatography–mass spectrometry (LC–MS) evidenced the 
formation of versatile fluorinated aryl thioethers in good yields (> 85%) using 
thioxanthone-DBU in THF under blue light irradiation. The synthesis tolerated 
hydroxy, carboxy and ester groups. The temporal control of the light triggered PFTR 
was evidenced by instantaneous change of rheological properties of poly(styrene-co-
pentafluorostyrene) copolymers upon crosslinking with hexaethylene glycol dithiol. 
The applicability of the reaction cascade was demonstrated by grafting versatile thiols 
to the same pentafluorostyrene decorated copolymer, using LEDs and sunlight as 
trigger of the photobase mediated PFTR. The grafting products were obtained under 
good conversion (> 70%) and high yields (> 90%) and showed significant alteration 
of solubility in protic solvents and organic solvents, if compared to the parent 
copolymer. 
The key mark of this chapter is the development of a fast, high yielding and blue light 
triggered PFTR reaction under facile conditions. This new feasibility of PFTR possess 




Chapter 7: Outlook 
As outlined in the current thesis, the combination of versatile characterization 
techniques was essential to rectify the challenging in-depth analysis of SCNP folding. 
Together, a reliable and multipoint analytic view enabled fundamental insight to the 
SCNPs structure, valuable for future SCNP design and analysis. Some interesting 
points as well as improvements for continuation of similar future projects are discussed 
in the following paragraphs. 
First, the introduced descriptors for the chain contraction of SCNPs are accessible via 
different techniques and serve in their independency from the solvent conditions, the 
chemical structure or architecture of the SCNP as a comparable database for future 
SCNP science.  
Second, the analytic techniques are discussed for relevance of SCNP characterization. 
State of the art online viscometry detectors are highly recommended for routine 
reliable determination of size and morphology of SCNPs, were ornate neutron 
scattering experiments cannot be addressed. The power of online viscometry detection 
enables precision analysis in the realm of sophisticated SANS technique, especially in 
the SCNP characteristic threshold realm of isotropic light scattering behavior or if 
SCNPs possess isorefracometry in the solvent of choice.  
High potential for the characterization of SCNPs consisting of UV/Vis active folding 
moieties lies in the integration of online UV/Vis chemical characterization to a 
multiple physical-detector set-up. Thus, the chemical group transformation can be 
correlated to the change morphology, size and molar mass for each fractionation, 
enabling to link the essential changes upon folding in one measurement. In the course 
of this work, the determination of the hydrodynamic radius remains a challenge for 
SCNP characterization. Besides the consolidation of hydrodynamic chain dimensions 
via rheology, multi-angle dynamic light scattering (MADLS) techniques or diffusion 




Third considerations address the SCNP folding strategy.  The approach of insights to 
the SCNP structure via the calculation of the average loop length has relevance for any 
repeat unit folding but needs further consolidation to establish this statistical value as 
a reliable parameter. A clear correlation between the physicochemical properties on 
macromolecular scale and the average loop length from other SCNP systems would 
aid to validate this approach.  Effort for the more precise description of the rather 
“chaotic” internal ligation along the repeat unit folding is highly rewarding. The 
statistical loop length distribution may play an essential role for the application of 
SCNPs for cargo delivery, as it possibly supports the endeavour of non-burst release.  
This work focused on modified chain parameters (molecular weight and the 
functionalization density), leaving other parameters effecting the physicochemical 
properties of SCNPs like the precursor chain flexibly, tuned solvent conditions and the 
crosslinker structure enigmatic. The flexibility of the precursor backbone could be 
addressed by the structure of the unreactive monomers. More precise, a modified steric 
hindrance of the pendant groups (e.g. isomers, here: iso-butyl acylate) impacts the 
bending of the backbone.13 However, the flexibility of the backbone is strongly 
dependent on the solvent quality. For a better understanding of the essential impact of 
the solvent for SCNP formation, the solvent quality could be systematically modified 
for comparable samples. Notably, the dynamics of the folding in dependency of the 
solvent parameter is predestined for a corroboration with theoreticians, as 
demonstrated before.127  Molecular dynamic Simulations allow the comparison of 
systems with the same basic chemical structure and is therefore well suitable for the 
investigation of the polymer library. 
Further potential of SCNP design lies in the modification of the linker architecture. On 
one hand, the structure of the crosslinker should ideally facilitate to monitor the folding 
at each ligation center unambiguously. Powerful quantification of the incorporated 
crosslinker or the average loop lengths, respectively, is possible by sensitive analytic 
protocols (e.g. fluorescence). On the other hand, the modification of the crosslinker 
length could be effectful for tuned SCNP compactness, or for the pending investigation 
of the average loop lengths. 
The application of AF4 technique is a future option for SCNP analysis, as this method 
allows uniquely to separate without enthalpic (column interaction due to change of 
chemical composition or functional group conversion) or entropic effects (chain 
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entanglements). The possibilities of AF4 characterization for the diverse folding 
motifs of SCNPs are yet unexplored, especially addressing large and delicate SCNP 
assemblies. The minimal shear rates of the AF4 method compared to SEC bear explicit 
potential for non-covalent SCNPs assemblies. Elsewise, higher pressure and shear 
forces of packed column separation like SEC may lead to chain distortion or 
degradation of purposeful generated multi-chain SCNP assemblies. 
Furthermore, AF4 is a highly interesting tool for SCNPs with potential for 
nanocontainer-application, e.g. drug delivery systems. The AF4 flow channel, 
resembling a flow-based transport system, may mimic the cardiovascular system. The 
molecular weight cut off from the AF4 membrane may imitate the size exclusion limits 
of semipermeable membranes (e.g. the kidney filtration). AF4 is more flexible in the 
choice of solvents than SEC and facilitates the use of miscible solvents as eluent. Thus, 
the AF4 technique enables to study the encapsulation efficiency or loading capacity 
for SCNPs applied for (drug) delivery applications in dependency of the solvent. 
Generally, the investigation of cargo–SCNP complexation using AF4 is a viable option 
for SCNP cavity design. Similarly, the binding strength of non-covalent bonded cargo 
could be investigated by the exposure to modified crossflows, as small molecules can 
exit through the semipermeable membrane.  The possibility of high sample loads is an 
interesting approach to investigate online-intra-chain interaction formation during 
AF4-MALS fractionation. Thus, the maximum precursor concentration for exclusive 
intrachain-interaction could be evaluated with respect to different solvents. This would 
enable to determine optimal solvent, temperature and concentration conditions for 
scale up SCNP synthesis.  However, the introduced characterization of SCNP analysis 
via AF4 needs validation from applications of diverse SCNP systems. Furthermore, 
the reproducibility of results using organic eluents needs contemplation, especially 
regarding the stability of membranes - which is an addressed obstacle to suppliers to 
date. The sensitivity of the AF4 technique respective the temperature, the solvent batch 
and possible membrane degradation should be investigated with a focus on the long-
time consistency of results.   
This work expanded SCNP separation to the AF4 technique, yet rather unexplored 
remain techniques which separate according other mechanisms (e.g. entropic 
interaction). Liquid adsorption chromatography (LAC) enables to separate according 
the functionality. Advanced techniques like liquid chromatography at the critical 
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conditions (LCCC) or more dimensional separation are promising to rectify the 
complexity of SCNP polymers.405–407 Considering these methods, SCNPs could be 
separated according the functional group decoration, their morphology or the chemical 
group conversion. 
Chapter 5 introduced a light triggered pathway to modify the properties of 
perfluorinated polymers via regioselective PFTR ligation. Better accessibility to the 
sophisticated PBG would be rewarding, considering the promising applications of light 
triggered PFTR. Grafting with modified amounts of thiols on perfluorinated polymers 
enables to tune their properties like chemical resistance, conductivity, hydrophobicity, 
and thermal stability. The low refractive index of fluorinated aromatic polymers 
appeared as an obstacle for refractometry in chapter 3 and chapter 4 but is of great 
potential for optical loss desired materials, e.g. for cosmetic reasons. Furthermore, 
transparent coatings of tuned conductivity, hydrophobicity, or chemical inertness are 
a feasible application. The photobase-mediated PFTR has potential for surface 
decoration with perfluorinated material as well, considering its observed temporal 
control, the efficiency, and the instantaneous initiation. Blue-light triggered coating 
with temporal control over the network formation may facilitate to tune the hardness 
of the perfluorinated polymer coatings.  Eco-friendly sunlight healing of UV-degraded 
polymers on outdoor facilities is a conceivable application. However, commercial 
applications of the PBG are limited considering the synthetic effort for the synthesis 
of the PBGs. 
Briefly, several interesting points are raised for optimizing the synthetic and 
analytic strategies. Prospectively, the growing awareness for succinct parameters 
affecting SCNP folding facilitates to deduce more effective folding strategies.  Due to 
the fusion of photochemistry and polymer chemistry reaction rates, reaction 
orthogonality and temporal control can be transferred to SCNP design. The enhanced 
exchange between polymer chemists and theoreticians unlock a more dynamic view 




Chapter 8: Supporting Information 
8.1 INSTRUMENTATION 
8.1.1 Instrumentation Employed in Chapter 3 and Chapter 4 
8.1.1.1 1H, 13C and 19F NMR Measurements 
1H (500.13 MHz), 13C (125.76 MHz) and 19F (470.59 MHz) nuclear magnetic 
resonance (NMR) spectra were recorded on an Avance III 500 NMR spectrometer 
(Bruker) at 30 °C. The 1H and 13C NMR spectra were referenced to the solvent signal 
(CDCl3:  (
1H) = 7.26 ppm,  (13C) = 77.0 ppm). 19F NMR spectra were referenced to 
external C6F6 ( (
19F) = −163.0 ppm) if stated. The apparent coupling constants are 
given in Hertz. The description of the fine structure means: br = broad, s = singulett, 
d = dublett, t = triplett, q = quartett, m = multiplett, dt = dublett of triplett. 
8.1.1.2 Small-angle neutron scattering (SANS) measurements  
SANS measurements were carried out at the instrument D11 of the Institute Laue-
Langevin (ILL, Grenoble) at a constant temperature of 298 K. The neutron wavelength 
was set to 5 Å (Full Width at Half Maximum (FWHM) 9%). A broad q-range from 
0.003 Å-1 – 0.54 Å-1 was covered using three sample-detector distances of 1.4 m, 8 m 
and 20 m (with collimation distances of 8 m, 8 m and 20.5 m) for the 50 kDa samples. 
For all other samples only the two shorter sample-detector distances have been used, 
yielding a q-range of 0.008 Å-1 – 0.54 Å-1. A circular neutron beam of 14 mm diameter 
has been used, together with 404-QS quartz cuvettes with a path-length of 1 mm 
(Hellma Analytics, DE). The scattering intensities were recorded with a multi-wire 
proportional chamber (MWPC) detector (CERCA) having 256 x 256 pixels of size 3.75 
mm x 3.75 mm. All obtained data were normalized by use of the secondary calibration 
standard water and its known differential scattering cross section (dΣ/dΩH20, 1mm, at 
5 Å: 0.929 cm-1) making use of the software package LAMP. The scattering behavior 
of the perdeuterated solvent THF-d8 (Eurisotop, Cambridge Isotope Laboratories, Inc.) 
was also measured and subtracted from the solution data. Eventually, the incoherent 
scattering intensity has been determined from the plateau intensity at large q-values 
and subtracted from the scattering curves. An illustration about the set-up is shown in 
SI figure 55. 
The investigated samples were dissolved in deuterated solvent THF-d8 (99.5%, 
Eurisotop). Each polymer sample (20C, 50A, 50B, 50C, 100A, 100C) was measured 
in the dilute solution regime with concentrations of 25, 20, 5, 2, 1 mg/mL in THF-d8 
giving in 60 samples in total. The preparation of the solutions was performed several 
hours prior to the measurement to ensure equilibrium state of the dissolved polymer. 
8.1.1.3 Size-exclusion chromatography characterization 
Size-exclusion chromatography characterization with multiple detection (SEC-
MALS/QELS/VS/dRI; as performed using Agilent 1200 isocratic HPLC-pump and 
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autosampler (Agilent Technologies, Santa Clara, CA). A set of two MIXED-C 
columns (300 x 7.5 mm; 5 µm particle size; Agilent Technologies, US) were connected 
in series. The fourfold detection (D4) was based on the following setup: (i) 
DAWN® HELEOS II multi angle light scattering (MALS) detector (Wyatt 
Technology, US, wavelength 663 nm, equipped with 18 photodiodes at different 
measuring angles); (ii) quasi-elastic light scattering detector (QELS, Wyatt 
Technology, US), which is integrated in the MALS detector in the channel number 17 
(nominal angle 144.5° relative to the incident laser beam); (iii) online differential 
viscometer ViscoStar® III (Wyatt Technology, US) equipped with pump 
pulse suppression without loss of chromatographic resolution and an automated 
capillary bridge tuning; (iv) differential refractive index (dRI) detector Optilab® T-
rEX (Wyatt Technology, US) with wavelength of 658 nm, equipped with an 512 diode 
detector array. An illustration about the set-up is shown in SI Figure 38.  
The SEC-D4 flow-system was operated under the following conditions: HPLC grade 
THF (stabilized with 0.025 % BHT) as eluent, 1 mL min−1 flow rate; 53 μL injection 
volume. 
8.1.1.4 Asymmetrical flow field flow fractionation 
Asymmetrical Flow field flow fractionation studies with quintuple detection (AF4-
MALS/QELS/VS/dRI/UV; AF4-D5) were performed using an organic Eclipse 3 
system (Wyatt Technology Europe, DE). The wide channel spacer of 
poly(tetrafluoroethylene ) (PTFE) had a thickness of 350 µm and the dimensions are 
26.5 cm in length and from 2.1 to 0.6 cm in width. The membranes used as 
accumulation wall consisted of regenerated cellulose with a molecular weight cut-off 
of 10 kDa (Nadir GmbH, DE). 
The quintuple detection (D5) was based on the following setup: (i) DAWN® HELEOS 
II multi angle light scattering (MALS) detector (Wyatt Technology, US, wavelength 
663 nm, equipped with 18 photodiodes at different measuring angles); (ii) quasi-elastic 
light scattering detector (QELS, Wyatt Technology, US), which is integrated in the 
MALS detector in the channel number 17 (nominal angle 144.5° relative to the 
incident laser beam); (iii) online differential viscometer ViscoStar® III (Wyatt 
Technology, US) equipped with pump pulse suppression without loss of resolution and 
an automated capillary bridge tuning; (iv) differential refractive index (dRI) detector 
Optilab® T-rEX (Wyatt Technology, US) with wavelength of 658 nm, equipped with 
an 512 diode detector array. Additionally to SEC-D4, a variable wavelength detector 
VWD VL 1260 (Agilent Technologies) was included set to 277 and 300 nm. 
The AF4-D5 separation was optimized under the following conditions: HPLC grade 
THF (stabilized with 0.025 % BHT) as eluent, 0.8 mL min−1 detector flow rate for all 
operations. The injection volume was varied from 100 to 400 μL in order to improve 
the data accuracy. Samples were injected during the focusing/relaxation step within 6 
min. The focus flow (Ff) was set at 3.0 mL min−1. The cross flow rate (Fx) during the 
elution step was optimized by an isocratic cross-flow of 3.2 mL min−1 for 20 min. 
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Subsequent elution without Fx was applied to remove residual artifacts from the 
channel before the next injection. 
8.1.2 Instrumentation Employed in Chapter 5 
8.1.2.1 1H NMR Measurements 
NMR spectra were recorded on a Bruker Avance III 600 MHz with a 5 mm broadband 
auto-tunable probe with Z-gradients at 293 K. Chemical shifts are reported as δ in parts 
per million (ppm) and referenced to the chemical shift of the residual solvent 
resonances (CDCl3 δ = 7.26 ppm), couplings are shown as s: singlet, d: doublet, t: 
triplet, m: multiplet. Polymer samples were prepared at a concentration of 10 mg mL-
1. In most spectra traces of water appears as a broad singlet at around 1.5-2.5 ppm. 
NMR spectra were processed using MestReNova software 
8.1.2.2 UV/VIS Spectroscopy  
UV/Vis spectra were recorded on a Shimadzu UV-2700 spectrophotometer equipped 
with a CPS-100 electronic temperature control cell positioner. Samples were prepared 
in THF and measured in Hellma Analytics quartz high precision cells with a path length 
of 10 mm at ambient temperature. 
8.1.2.3 Rheology Analysis 
Rheological experiments were studied using an Anton Paar rheometer (MRC302) with 
a plate-plate configuration. The lower plate is made of quartz and the upper plate is 
made of stainless steel with a diameter of 25 mm. The LED light source (420 nm, I = 
20 mW) was placed underneath the quartz plate. In a typical experiment, 50 µL of a 
solution of polymer solution (10 mM) in THF was placed on the lower plate and the 
upper plate was brought to a measurement gap of 0.5 mm. The test was started by 
applying a 0.1% strain with the frequency of 1.5 Hz on the sample, and the light was 
turned at predetermined interval.  
8.1.2.4 THF-SEC 
The SEC measurements were conducted on a PSS SECurity2 system consisting of 
a PSS SECurity Degasser, PSS SECurity TCC6000 Column Oven (35 °C), PSS SDV 
Column Set (8x150 mm 5 µm Precolumn, 8x300 mm 5 µm Analytical Columns, 
100000 Å, 1000 Å and 100 Å) and an Agilent 1260 Infinity Isocratic 
Pump, Agilent 1260 Infinity Standard Autosampler, Agilent 1260 Infinity Diode Array 
and Multiple Wavelength Detector (A: 254 nm, B: 360 nm), Agilent 1260 
Infinity Refractive Index Detector (35 °C). HPLC grade THF, stabilized with BHT, is 
used as eluent at a flow rate of 1 mL·min-1. Narrow disperse linear poly(styrene) 
(Mn: 266 g·mol
-1 to 2.52x106 g·mol-1) and poly(methyl methacrylate) (Mn: 202 g·mol
-
1 to 2.2x106 g·mol-1) standards (PSS ReadyCal) were used as calibrants. All samples 
were passed over 0.22 µm PTFE membrane filters. Molecular weight and dispersity 
analysis was performed in PSS WinGPC UniChrom software (version 8.2). SEC 




LC-MS measurements were performed on an UltiMate 3000 UHPLC System (Dionex, 
Sunnyvale, CA, USA) consisting of a pump (LPG 3400SZ), autosampler (WPS 
3000TSL) and a temperature controlled column compartment (TCC 3000). Separation 
was performed on a C18 HPLC column (Phenomenex Luna 5μm, 100 Å, 250 × 2.0 
mm) operating at 40 °C. Water (containing 5 mmol L-1 ammonium acetate) and 
acetonitrile were used as eluents. A gradient of acetonitrile:H2O 5:95 to 100:0 (v/v) 
in 7 min at a flow rate of 0.40 mL·min-1 was applied. The flow was split in a 9:1 ratio, 
where 90 % of the eluent was directed through a DAD UV-detector (VWD 
3400, Dionex) and 10 % was infused into the electrospray source. Spectra were 
recorded on an LTQ Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, San 
Jose, CA, USA) equipped with a HESI II probe. The instrument was calibrated in the 
m/z range 74-1822 using premixed calibration solutions (Thermo Scientific). A 
constant spray voltage of 3.5 kV, a dimensionless sheath gas and a dimensionless 
auxiliary gas flow rate of 5 and 2 were applied, respectively. The capillary temperature 
and was set to 300 °C, the S-lens RF level was set to 68, and the aux gas 
heater temperature was set to 100 °C.  
8.2 METHODS 
8.2.1 Data Treatment (SEC and AF4) 
ASTRA software (Wyatt Technology, version 7.1.2.) was used to process and analyse 
raw data of SEC-D4 and AF4-D5. All averages and standard deviations were 
calculated from at least three determinations.  A first order Zimm formalism was 
employed for fitting the MALS data for molar mass and radius of gyration (Rg) 
determination. Parameters of the Rg are z-average values, of the hydrodynamic radius 
Rh and the viscosity radius R are uncertainty-weighted average values.  
ASTRA software (Wyatt Technology, version 7.1.2.) was used to process and analyze 
raw data of SEC-D4 and AF4-D5. All averages and standard deviations were 
calculated from three measurements. A first order Zimm formalism was employed for 
fitting the MALS data for molar mass and radius of gyration (Rg) determination. 
Parameters of the Rg are z-average values, of the hydrodynamic radius Rh and the 
viscosity radius R are uncertainty-weighted average values. Data of viscosity was 
generally calculated by using Huggins models.94,408 
8.2.2 Determination of the Second Virial Coefficient A2 
Manual determination of the second virial coefficient A2 was performed with the 
instrument DAWN® HELEOS II multi angle light scattering (MALS) detector (Wyatt 
Technology, US, wavelength 663 nm, equipped with 18 photodiodes at different 
measuring angles) by manual injection of polymer solutions in ACN/THF: 4/1. 




8.2.3 Batch Determination of the Specific dn/dc 
Batch determination of the specific dn/dc was performed in THF at 25 °C using the 
Optilab® T-rEX refractive index detector off-line. At least five different 
concentrations were employed to determine the dn/dc values of each sample after 
manual injection from the lowest concentration to the highest concentration into the 
differential refractometer cell. The data was evaluated with the procedure dn/dc from 
RI (software Astra 7.1.2.).  
8.2.4 Online Determination of the dn/dc 
Online determination of the dn/dc was performed by the method dn/dc from peak 
(assuming 100 % sample mass recovery) from the software Astra 7.1.2 (Wyatt 
Technology, US) by evaluation of the data received from the hyphenated Optilab® T-
rEX (Wyatt Technology, US) refractive index detector. All averages of online 
determined dn/dc were calculated from at least three measurements.  
8.3 PROCEDURES OF CHAPTER 3 AND CHAPTER 4 
8.3.1 Materials 
All reagents were purchased from Sigma-Aldrich and used without purification unless 
otherwise stated. THF-d8 was purchased from Eurisotop with a purity of 99.5%. 
Azobisisobutyronitrile (AIBN) was recrystallized from methanol.  Acetone and 
anhydrous dioxane was dried and stored over molecular sieves (3 Å). Monomers were 
stabilized with butylhydroxytoluol (BHT) and disinhibited prior use by a silica-column 
with DCM as eluent. Transfer of air-sensitive phosphine agents were performed in a 
glovebox unless otherwise stated. 
8.3.2 The Second Virial Coefficient A2 under Folding Conditions 
The solvent conditions during SANS and MALS characterization deviate from those 
during the folding reaction, as both have been performed in the good solvent THF only. 
The employed solvent mixture for folding is approximately ACN/THF = 4/1, 
depending in the polymer features as described in the main text. Additional 
determination of the second virial coefficient are performed to investigate the 
thermodynamic state during the folding reaction. Determination of A2 in batch was 
performed by manual injection of precursor samples to a MALS detector, dissolved in 
a solvent composition as employed for SCNP synthesis. The A2 determination was 
performed under dilute conditions (2 to 15 mg/mL), as only polymer solutions below 
the overlap concentration c*, behave according the scaling behavior and power 
expansion of the osmotic compressibility. The results of exemplary experiments for 
the 50 kDa samples serve to review the solvent conditions of the precursor under the 




SI Table 1. Second virial coefficients of the precursor for solvent mixture employed for 
folding conditions, exemplarily determined for the of the middle molar mass (50 kDA 
samples). 
sample 50A 50B 50C 
A2 [mol mL g-²] 1.44E-05 2.82E-05 3.24E-05 
 
 
8.3.3 Composition-based Refractive Index Increments for Precursor and SCNPs  
8.3.3.1 Experimental Determination of Refractive Index Increments (dn/dcs) 
Batch Determination of the dn/dc 
Batch determination of the specific dn/dc was performed in the same solvent as 
employed for the SEC-D4 characterization (tetrahydrofuran, THF) at 25 °C using the 
refractive index detector off-line. This technique was applied to crosslinker 1,4-
benzenedimethanethiol (BDMT) and FRP copolymers, as polymers obtained from this 
polymerization technique allows for minimal contamination of the polymer material 
with small molecules. FRP synthesis requires the use of less reagents than for 
controlled polymerization techniques, allowing for more accate batch dn/dc 
determination of the polymer material. At least five different concentrations below the 
critical overlap concentration c* (ranging from 0.2 to 1 mg mL−1) were employed to 
determine the dn/dc values of each sample.  The results of the batch determination of 
the dn/dc values are given in the SI Table 2. 
SI Table 2. Results of the batch determination of the dn/dc for two FRP copolymers with 
respect to their molar amount of functional pentafluorobenzyle units (PFB), and the 
crosslinker 1,4-benzenedimethanethiol (BDMT). 
sample PFB dn/dc linear plot deviation number of samples 
 mol% ml g-1 % R²  
poly(PFB) acrylate 100 0.0505 ±2.89 0.995 5 
poly(PFB-stat-tBu) acrylate 14 0.0541 ±6.09 0.982 5 
crosslinker BDMT - 0.2037 ±1.24 0.999 5 
 
In contrast to the low refractive index increment of the crosslinker, very low values of 
approximately 0.05 ml g-1 are obtained for the PFB (co)polymers. This underlines the 
importance to evaluate the dn/dc of the linear PFB copolymers in dependency of the 
%PFB decoration, and for the crosslinker loaded SCNPs. 
Online Determination of the dn/dc 
The online determination of the dn/dc of the copolymer libraries in THF was 
performed by integration of the RI peak area of the SEC-traces, allowing for more 
accurate dn/dc determination of polymer samples loaded with possible contamination 
of small molecules from controlled polymerization techniques. According the 
assumption of the employed software method, high mass recovery was observed for 
all precursor samples (SI Table 8). 
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8.3.3.2 Refractive Index Increments for the Precursor dn/dcprecursor 
Accurate spectroscopic characterization is vivid for the determination of the molar 
mass and concentration-base data evaluation in general. A comprehensive 
determination of the refractive indices by online-, and batch measurements for 
poly(PFB-stat-tBu) acrylate copolymers of several compositions was performed. The 
results of online dn/dc determinations of the precursors – multiple measurements per 
sample - are plotted in dependency of the PFB decoration (SI Figure 1) top graph, the 
colors indicate the functional group decoration. For sake of accuracy, the online dn/dc 
values for both, the precursors prior-, and after RAFT group removal were employed 
to calculate the linear correlation between refractive index increment and precursor 
composition. The obtained linear fit (indicated by the grey line of the top graph of SI 
Figure 1) serves to determine the refractive index increments for any precursor 
composition. 
 
SI Figure 1. Scheme of the strategy for accurate dn/dc determination for precursor of 
versatile PFB decoration (top graph) as well as for SCNPs with any LD (green highlighted 
graph on the bottom). This procedure was need as the mass recovery of the SEC-D4 
separation was below 90% for some SCNP samples and the online dn/dc determination less 
reliable, respectively. Numerous online-, and batch dn/dc determination served to deduce a 
linear correlation between the dn/dc and the % PFB per chain for the precursor (top graph). 
The obtained linear correlation served as base for the calculation of the dc/dc of the SCNPs 
(graph at the bottom). 
Experimental results of the linear correlation from online dn/dc determination of the 
precursor are shown in SI Table 8. The results from batch dn/dc determinations of the 
copolymers, synthesized via thermally induced free radical polymerization (FRP, see 
chapter 8.3.7.1), of the same structure validated the linear correlation. The FRP 
copolymers of the same monomer composition, are suitable for batch dn/dc 
determination rather than polymers, synthesized via controlled polymerization essays. 
The latter may be derived by RAFT end-groups or the side products of RAFT-group-
removal (primarily the phosphine reducing agent), which may impact the refractive 
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index increment and therefore falsify the results. Herein, a reliable linear correlation 
of dn/dc and precursor composition is evaluated and the final refractive index of the 
precursors (coined dn/dcprecursor in this chapter) is derived from the linear fit for each 
precursor sample (3D plot in SI Figure 2, SI Table 8). 
 
SI Figure 2. Linear fit of online-dn/dc determinations of the RAFT copolymers and 
desulfurized precursors. The final dn/dc is derived from the linear fit depending on %PFB 
for each precursor sample. The obtained final dn/dc´s of the precursor are shown in the 3D 
plot (right), showing the correlation between %PFB and the dn/dc. 
Very low refractive index increment values from 0.049 to 0.052 ml g-1 are finally 
obtained for the precursor polymers, showing the expected correlation between %PFB 
and the dn/dc. Herein, a behavior close to isorefractivity was observed for the 
precursor polymers, a challenging characteristic for optical techniques. Nevertheless, 
a clear increase of the dn/dc with decreasing PFB decoration was observed. 
8.3.3.3 Refractive Index Increments for the SCNPs dn/dcSCNP  
Online dn/dc determination of the SCNPs was less straightforward than for the 
precursor samples due non-quantitative mass recovery (average mass recovery values 
are given in SI TABLE8). Due to precise SCNP composition, the dn/dc of the SCNPs 
is calculated alternatively by treating of the SCNPs as a two-component system 
(equation SI-1, SI Figure 1, green highlighted linear correlation).  
The change of the dn/dc from the precursors to SCNPs can be described by the change 
of the dn/dc due to incorporation of the number of crosslinker molecules to the 
precursor backbone. For sake of clarity, we coin the refractive index increment for 










The dn/dc precursor was observed from the linear correlation as described above (SI 
Figure 1, top figure), and the refractive index increment of the crosslinker (dn/dcCL) is 
determined by batch determination.  
In contrast to the correlation of the dn/dc precursor with the functional group decoration 
%PFB for precursor (dots in the top graph in SI Figure 2, linked via a black dotted line 

















































as guide for the eye), the dn/dcSCNP increases with increasing amount of incorporated 
dithiol-crosslinker, likewise expected for polarizable material components like thiols 
(dots in the bottom graph in SI Figure 2, linked via a grey dotted line as guide for the 
eye). 
 
SI Figure 3. Flowchart of the strategy for dn/dcSCNP determination. As neither literature 
references nor online determination (bold red letters) are suitable, the dn/dcSCNP (bold 
green letters) are derived by consideration of the SCNPs as a two-component system. 
The incorporation of the crosslinker due the PFTR transformation changes the dn/dc 
from the precursor to the corresponding SCNP only slightly for the A-samples (SI 
Figure 4, green data points), medium for the B samples (blue), and significant for the 
high decorated C-samples (black).  As significant changes of the dn/dc values are 
observed due to crosslinker incorporation, the comprehensive dn/dc determination is 
a prerequisite for accurate molar mass determination, especially for SCNP material 
obtained from external crosslinker folding strategies.  
 
SI Figure 4. Summary of the results of the dn/dc determination for the precursor (open dots, 
linked via black dotted line as guide for the eye) and their corresponding SCNPs (full dots, 




















linked via grey dotted line as guide for the eye), ordered by increasing LD (samples A, B, 
C) and molar mass (20kDa, 50kDa, 100kDa). 
 
8.3.4 Synthesis of the Monomer Pentafluorobenzyl Acrylate (PFBA)  
Pentafluorobenzyl acrylate (PFBA) was synthesized via a one-pot nucleophilic 
substitution reaction as shown in SI Figure 5. 285 
   
SI Figure 5. Reaction scheme of the monomer synthesis of pentafluorobenzyl acrylate 
(PFBA). 
Excess of potassium carbonate (13g, 5 eq) and catalytic amounts of butylhydroxytoluol 
(BHT) were stirred in an dried three-neck round-bottom flask (evacuated and 
backfilled with Argon) in dry acetone to add acrylic acid (1.97 mL, 1.5 eq) under inert 
atmosphere. The suspension was cooled to 0°C to add pentafluorobenzyl bromide 
(PFBBr, 2.89 mL, 1 eq) dropwise and under vigorous stirring. The mixture was 
refluxed for 16 h and stirred at ambient temperature for 8 h.  The salts were filtered off 
and a grain of BHT was added to avoid radical reactions during the subsequent solvent 
removal under reduced pressure.  The crude product was dissolved in diethyl ether and 
extracted four times with water, four times with sodium bicarbonate buffer standard 
solution (pH 10) and three times with water and brine. The organic phase was dried 
over MgSO4. The solvent was gently removed under reduced pressure to obtain 4.02 
g of a colorless oily product, which was used without any further purifications (83 % 
yield). 
1H NMR (500 MHz, CDCl3) /ppm: 6.42 (dd, J = 17.4, 1.3 Hz, 1H, 1a), 6.10 (dd, J = 17.3, 10.4 Hz, 
1H, 2), 5.87 (dd, J = 10.5, 1.3 Hz, 1H, 1b), 5.27 (t, JHF = 1.6 Hz, 2H, 4).  
19F NMR (470 MHz, CDCl3) /ppm: -142.3 (m, 2Fo), -152.8 (t, 1Fp), -161.2 (m, 2Fm).  
13C NMR (125 MHz, CDCl3) δ/ppm: 165.5 (3), 145.8 (Fm, 1JCF = 255 Hz, 7), 142.0 (Fp, 1JCF = 256 Hz, 
8), 137.7 (Fo, 1JCF = 252 Hz, 6), 132.2 (1), 127.5 (2), 109.6 (m, 5), 53.5 (4). 
 





SI Figure 6. 1H NMR spectrum (500 MHz, CDCl3, top right), 19F NMR spectrum (470 MHz, 




















8.3.5 RAFT Polymerization of Poly(pentafluorobenzyl-stat-tert-butyl) acrylate 
8.3.5.1 General procedure of RAFT polymerization 
Defined poly(pentafluorobenzyl acrylate-stat-tert-butyl) acrylate copolymers, coined 
precursors, were synthesized via a RAFT polymerization by the use of the the chain 
transfer agent cyanomethyl dodecyl trithiocarbonate (CMDT) as shown in SI Figure 
7. Molar amounts and the reactants employed for RAFT polymerization are given in 
SI Table 3. 
 
SI Figure 7. Reaction scheme of the RAFT polymerization of poly(PFB-stat-tBu) acrylate, 
employed for precursor synthesis. Feed ratios are given in the table below. 
An evacuated Schlenk tube was charged with uninhibited pentafluorobenzyl acrylate 
(PFBA), tert-butyl acrylate (tBuA), the chain transfer agent cyanomethyl dodecyl 
trithiocarbonate (CMDT), azobisisobutyronitrile (AIBN, 0.003 eq, stock solution) as 
radical source, and redistilled dioxane. The Schlenk tube was deoxygenated by four 
freeze pump-thaw cycles and heated to 70 °C to initiate radical processes. After 23 h 
the mixture was allowed to cool to ambient temperature and the reaction was quenched 
by exposing the solution to air. The copolymers were dissolved in as few as possible 
THF to precipitation three times in at least 50-fold volume excess of cold n-hexane. 
The solvents were removed under reduced pressure at 40 °C to obtain slightly yellow 
copolymers, showing powdery to oily viscous appearance in dependency of molar 
mass and mol% PFB.  
SI Table 3. Molar amounts of the monomer tert-butyl acrylate (tBuA) and pentafluorobenzyl 
acrylate (PFBA), the chain transfer agent cyanomethyl dodecyl trithiocarbonate (CMDT), 
the initiator azobisisobutyronitrile (AIBN) and the volume of the solvent dioxane for the 
RAFT polymerization of defined poly(PFB-stat-tBu) acrylate copolymers. Colors of the 
sample´s name of the precursor library samples (underlined in grey) indicate the targeted 
group decoration according the color code, sample 10a was employed for the optimization 
of the RAFT end group removal conditions. 
 
10 a  20A 20B 20C 50A 50B 50C 100A 100B 100C 
ntBuA [mmol] 8.582 7.802 7.022 5.461 8.582 7.412 5.461 13.264 15.604 6.242 
nPFBA [mmol] 0.954 0.411 1.239 2.341 0.452 1.308 2.341 0.698 2.754 2.675 
nAIBN [mmol] 0.009 0.011 0.012 0.013 0.005 0.005 0.005 0.004 0.005 0.003 
nCMDT [mmol] 0.043 0.055 0.061 0.065 0.024 0.026 0.026 0.019 0.027 0.015 
Vdioxane [mL] 0.440 0.502 0.462 0.375 1.122 1.083 0.975 0.853 1.026 0.429 
 
Representative for the precursor library, drawn from polymer 10a (see chapter 8.3.7.2). 
1H NMR (500 MHz, CDCl3) δ = 5.23 – 4.99 (br s, 10), 3.33 – 3.19 (m, 15), 2.48 – 2.00 (br, 3, 8), 1.87 
– 1.12 (br, 2, 7, 6, 16), 0.80 (t, 17). 
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13C NMR (125 MHz, CDCl3) δ/ppm: 174.0 (4,9), 145.6 (d, 1JCF = 251 Hz, 13), 141.6 (d, 1JCF = 257 
Hz, 14), 137.3 (d, 1JCF = 252 Hz, 12), 109.5 (11), 80.2 (5), 53.1 (10), 42.6 – 39.6 (3, 8), 38.2 – 39.6 (2, 
7, 15), 27.9 (6, 16). 
19F NMR (470 MHz, CDCl3) δ = -141.7 – -143.3 (m, 2 Fo), -153.6 – -154.7 (m, 1 Fp), -162.3 – -163.7 





SI Figure 8. 1H NMR spectra (500 MHz, CDCl3) of the poly(PFB-stat-tBu) acrylate samples 
20A, 20B and 20C of the approximate molecular weight of 20 kDa, synthesized via  RAFT 
technique. The low decorated A-samples (green, ca. 5% PFB), the middle decorated B-
samples (blue, ca.15% PFB) and the high decorated C-samples (black, ca. 30% PFB) differ 
significantly in the intensity of signal 10, representative for the methylene group of the PFB. 
Exact compositions are given in the SI Tables 8-10. 
 
  
























































SI Figure 9. 1H NMR spectra (500 MHz, CDCl3) of the poly(PFB-stat-tBu) acrylate samples 
50A, 50B and 50C of the approximate molecular weight of 50 kDa, synthesized via  RAFT 
technique. The low decorated A-samples (green, ca. 5% PFB), the middle decorated B-
samples (blue, ca.15% PFB) and the high decorated C-samples (black, ca. 30% PFB) differ 
significantly in the intensity of signal 10, representative for the methylene group of the PFB. 
Exact compositions are given in SI Tables 8-10. 
 
  













































































SI Figure 10. 1H NMR spectra (500 MHz, CDCl3) of the poly(PFB-stat-tBu) acrylate samples 
100A, 100B and 100C of the approximate molecular weight of 100 kDa, synthesized via  RAFT 
technique. The low decorated A-samples (green, ca. 5% PFB), the middle decorated B-
samples (blue, ca.15% PFB) and the high decorated C-samples (black, ca. 30% PFB) differ 
significantly in the intensity of signal 10, representative for the methylene group of the PFB. 
Exact compositions are given in SI Tables 8-10.  













































































8.3.5.2 RAFT end group removal 
In contrast to the folding of FRP precursors, detrimental side reactions in SCNP 
synthesis occurred when applied to defined RAFT precursors of the polymer library. 
After RAFT end group removal, no such side-reactions occurred anymore, making end 
group transformation a required post-polymerization modification (PPM) for the 
defined library precursor polymers. RAFT end group transformation as similarly 
described elsewhere was applied to the whole polymer library according to the 
following reaction scheme.24 
 
SI Figure 11. Scheme of the general procedure of RAFT end group transformation, applied 
to the whole precursor library prior the SCNP synthesis. 
A solution of poly(PFB-stat-tBu) acrylate (15 mg/mL) and AIBN (3 eq with respect to 
the number of RAFT groups) in destilled THF oxygenated by bubbling air through at 
65 °C, then refluxed for 2 h under vigorous stirring. After discoloration, the solution 
was allowed to cool to 55 °C and triphenylphosphine (PPh3, 3 eq with respect to the 
number of RAFT groups) was added to stir for 2h. The solution was stirred for 1 h at 
ambient temperature. The reader is cautioned that potentially explosive THF-
peroxides are hazardous and liquid solvent waste should be treated accordingly. The 
copolymer was precipitated three times in at least 50-fold volume excess of cold n-
hexane. Residual impurities of THF-derivatives were removed under vacuum at 
increased temperature (60 °C) overnight. Small amounts of PPh3 could not be removed 
during precipitation. Colorless copolymers were obtained, appearing in a white powder 
to viscous oil in dependency of molar mass and molar amount of PFB. Quantitative 
removal of the RAFT end group is representatively shown for the small copolymer 
10a in the following chapter. 
8.3.5.3 Validation of the End Group Removal with a short chain Precursor 
The confirmation of end group conversion via 1H NMR spectroscopy and UV/Vis 
spectroscopy was exemplified for a short chain poly(PFB-stat-tBu) acrylate copolymer 
10a (see details of this material in chapter 8.3.7.2), as endgroup characteristic 
properties are more clearly traceable for polymers of a low DP. 
Furthermore, the polymer-stability under applied conditions of RAFT end group 
removal is representative for the precursor library with the same monomer 
components. The properties of the small test copolymer 10a (Mn = 10.6 kDa, Đ =1.14, 
PFB =10 mol%, see chapter 8.3.7.2) are suitable for a representative analysis of the 
RAFT end group removal.  One-pot radical transformation of RAFT-prepared 
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poly(PFB-stat-tBu) acrylate polymers into -hydroxyl polymers was performed via 
radical reduction in THF as described in the paragraph “RAFT end group removal” 
above.24 The disappearance of the RAFT end group characteristic signal at ~ 3.25 ppm 
in the 1H NMR spectrum confirmed quantitative RAFT end group removal of the small 
test copolymer 10a.  
 
SI Figure 12. 1H NMR spectra (500 MHz, CDCl3) of the copolymer prior (top) and after 
(bottom) RAFT end group removal. The disappearance of the characteristic signal of the 
trithiocarbonate end group (3.25 ppm) justifies the success of the removal of the RAFT end 
group. 
Monomodal distribution and the same peak shape in SEC-D4 traces prior and after 
the end group conversion confirmed the absence of side reactions (SI Figure 13). 
 
SI Figure 13. The comparison of the dRI trace prior (red) and after (black) end group 
conversion, obtained from of the SEC-D4 characterization, confirmed the absence of side 
reactions due to RAFT end group removal procedure. 
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Confirmation of both the RAFT end group removal and subsequent purification of the 
side products (mainly thioxanthate derivatives and the degradation products of the 
THF) is given by UV/Vis spectroscopy. SI Figure 14 shows the significantly decreased 
of trithiocarbonyl group characteristic adsorption at approximately 308 nm due to the 
RAFT end group removal for the small test copolymer 10a.409,410 The figure shows 
also, that the quantification of the RAFT characteristic features fades with increasing 
DP, as the high-molecular weight polymer sample 100B shows slight absorption at 
310 nm only. SI Figure 14 shows also the correlation between the absolute number of 
PFB groups along the chain and the absorbance at 246 nm. 
 
SI Figure 14. The UV/Vis spectra of prior and after RAFT end group removal for the 
samples 10a (black, small poly(PFB-stat-tBu) acrylate test copolymer of approximately 10 
kDa molar mass) and 100B (blue, library precursor of approximately 100 kDa molar mass) 
show a significant decrease of UV/Vis absorbance at approximately 308 nm due to the loss 
of the trithiocarbonyl group. Quantification of the chromophore end groups via UV/Vis 
analysis is limited to small polymer sample 10a. The UV/Vis adsorption at 246 nm is related 
to the amount of PFB chain decoration. 
Further validation of the new backbone linked hydroxyl group was not performed, as 
SCNP synthesis was successful with the polymer material after above described 
procedure.24 RAFT end group removal was applied to all samples of the precursor 
library prior SCNP synthesis as described in the following chapter. 
8.3.5.4 Evaluation of the precursor composition 
The composition of the poly(PFB-stat-tBu) acrylate polymers of the defined precursor 
library is calculated from suitable signals in the 1H NMR spectra. SI Figure 15 shows 
exemplarily the integral regions in the 1H NMR spectrum for the sample 50C, which 
were employed for the evaluation of the composition of the copolymers. The ratio of 
the integral of the methylene group signal of the PFB units (10; 5.3 - 4.9 ppm) to twice 
the sum of the integrals of the signals of the methine protons of the polymer backbone 
(3, 8; 2.00 – 2.56 ppm) was employed to quantify the %PFB. The calculation was 
applied to both the spectra of the RAFT copolymers and to the spectra of the precursor 










 10a (ca. 10 kDa, 10 % PFB)
 100B (ca. 100 kDa, 15 % PFB)
























after RAFT end group removal. The deviation of both quantifications is given in the 
left table of SI Figure 15. The obtained %PFB values are given in the SI Table 8. 
 
 
SI Figure 15. Results of the %PFB quantification of the composition of the poly(PFB-stat-
tBu) acrylate copolymers via 1H NMR spectroscopy (left) with the exemplary 1H NMR 
spectrum (500 MHz, CDCl3) of sample 50C to the right. The signals relevant for 
quantification of the copolymer composition are the methylene group of the PFB unit (10) 
and the methine backbone signals (3, 8). Low average deviation (bottom rows of the table) 
of the quantification applied to the spectra before and after the RAFT group removal 
validates the reliability of the evaluated copolymer composition. 
 Deviation of the %PFB calculation 
sample 
 
20 kDa 50 kDa 100 kDa 
A 0.00 0.40 0.15 
B 0.40 0.60 0.30 





8.3.5.5 Structures of the Precursor Copolymers 
Upon SEC-D4 and 1H NMR characterization, the SI Figure 16 shows the obtained 
copolymer composition, the Mn and the Đ values for all precursor library samples. The 
%PFB is given next to the sample´s name on the top of each structure, whereas the 
absolute composition of the poly(PFB-stat-tBu) acrylate copolymers and results of 
SEC-D4 characterization are given below. 
 
  
SI Figure 16. Structures of the precursor library poly(pentafluorobenzyl-stat-tert-butyl) 
acrylate (short: poly(PFB-stat-tBu) acrylate), synthesized via statistical RAFT polymerization 
and subsequent RAFT end group removal. The mol% PFB is given next to the sample´s name 
on the top of each structure, whereas the absolute composition and results of SEC-D4 
characterization (number weighed molar mass Mn and polydispersity Đ) are given below each 
structure. 
8.3.6 SCNP Synthesis 
8.3.6.1 Optimization of the Folding Reaction with FRP-Copolymers 
The optimization of the PFTR-induced folding of SCNPs turned complex regarding 
the parameters of polymer solubility vs. the optimal solvent conditions to support 
PFTR thermodynamics, the employed base vs. the reaction time, and the reaction time 
vs. side reactions (disulfide linkage). A thermally induced free radical polymerization 
(FRP) polymerized poly(PFB-stat-tBu) acrylate polymer with comparable 
composition regarding the defined library precursor (the structure is shown in chapter 
8.3.7.1) serves to optimize the parameters and conditions of the folding reaction of the 
defined precursor library for reasons mentioned in the chapter of FRP synthesis. The 
optimization of the folding procedure was performed in the order of setting the 
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precursor concentration, the solvent conditions, the amount of base, the crosslinker 
concentration, the reaction time and the required amount phosphine reducing agent to 
suppress thiol-thiol interaction.  
The concentration of the external crosslinker is related to the absolute number of 
functional PFB monomer units in solution under folding conditions. The concentration 
of the precursor is dictated by the requirement high dilution to avoid inter-chain 
interaction during the folding reaction in turn. No multi chain nanoparticles were 
observed for a precursor concentration of 0.5 mg mL-1 during folding reaction, justified 
by the MALS signal trace of SEC-D4 characterization.   
Attempts to increase the reaction rate by the use of the stronger base 1,8-diazabicyclo 
[5.4.0] undec-7-ene (DBU) instead of the weak base TEA were not successful. 
286,293,297,303  Keeping ambient reaction temperature during the folding reaction, we 
observed no multiple fluorine-substitution even for excess of reactants (thiol and base) 
and long reaction time if TEA is employed as base. To reduce PFTR reaction time for 
SCNP synthesis, excess of TEA (4 vol%) appeared at once beneficial to achieve good 
solvent conditions of the precursor.285,286,293,294 Polar solvent acetonitrile (ACN) was 
employed as main solvent to support for the PFTR reaction rate during SCNP 
synthesis. Complete solubility of the precursor required the addition of THF as 
described in the main text. The amount of THF was found to depend on the chain-
length and polymer composition. The same solvent ratio (approximately ACN/THF: 
0.2/0.8) was applied to all precursor of the same approximate molar mass (20 kDa, 50 
kDa, 100 kD to keep comparable reaction conditions. Noteworthy, the precursors with 
a lower PFB decoration showed already complete solubility below the required amount 
of good solvent for the higher decorated precursors within the mass-groups. 
The use of an external crosslinker facilitates to modify the concentration of the 
crosslinker with regard the functional group decoration of the precursor. Excess of the 
thiol-crosslinker was not successful to increase the reaction rate of the PFTR, as at 
once increasing probability of competing thiol-thiol interaction and concomitant 
requirement of larger amounts of reducing agents were true. Herein, we employed one 
equivalent of thiol (0.5 eq of crosslinker) regarding the number of PFB units.  
To compensate for the rather slow reaction rate of PFTR by use of the weak base TEA 
and the restriction to work under lowest possible thiol concentration, long-time SCNP 
synthesis was performed. We observe high PFTR turnover within three days of SCNP 
folding.  
The reducing agent triphenylphosphine (PPh3) showed less suitable, as required high 
amount of PPh3 for suppression of competing thiol-thiol interaction accumulated in 
the polymer product material and purification appeared challenging. Higher efficiency 
of PFTR reaction at the pendant PFB units was observed by use of the stronger 
reducing agent dimethylphenylphosphine (DMPP), like described elsewhere.353,411  To 
avoid the disulfide linkage ( or aggregation, respectively) of unreacted thiols after 
SCNP synthesis, scavenging of unreacted thiols was applied prior purification of the 
polymer material. Already infinitesimal amounts of possibly residual grafted thiols 
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along the polymer chain may have impacted the elution behavior during the SEC 
separation, as thiols tend to undergo column interaction.301 Herein, the folding reaction 
was quenched by scavenging yet unreacted thiols with methylacrylate (MA). The 
requirements of the Michael Addition are in good agreement to the folding conditions, 
especially the presence of DMPP.412 To avoid the oligomerization of the thiol 
scavenger MA in turn, a catalytic amount of butylhydroxytoluol (BHT) was added 
prior polymer purification.  
 
8.3.6.2 Experimental of SCNP Folding 
According the optimization described in the previous chapter, a facile set-up for the 
sequence for SCNPs synthesis was established. SI Figure 17 shows the sequence, 
starting with solving the precursor in solvents (1) and base (2), followed by dropwise 
release of the crosslinker, diluted in a reducing agent DMPP containing stock solution 
(3). After deoxygenation, the PFTR reaction was performed at ambient temperature 
for three days (4). The folding reaction was quenched by addition of the Michael 
acceptor methacrylate to stir for several hours at ambient temperature (5). Solvents and 
reactants were removed (6) to precipitate the residual polymer in cold n-hexane and 
separate the side products and excess compounds (7). After drying the SCNPs (8), 
characterization of the SCNPs is performed. 
 
SI Figure 17.  Scheme of the experimental procedure of SCNP synthesis. 
 
8.3.6.3 General Procedure of SCNP synthesis 
For the SCNP synthesis, the following procedure was applied to the precursor library 
after RAFT end group transformation. 
 
THF was added dropwise within 1 h to the precursor poly(PFB-stat-tBu) acrylate (0.5 
mg mL-1) in acetonitrile until the solution became transparent. Triethylamine (TEA, 2 
vol%) was added slowly. The external crosslinker 1,4-benzenedimethanethiol 
(BDMT, 1 eq with respect to the pendant PFB groups of the precursor) was dissolved 
with the reducing agent dimethylphenyl phosphine (DMPP, 0.1 eq with respect of the 
thiol groups of the crosslinker BDMT) in THF to add the thiol solution dropwise to 
the stirring precursor solution of 20 vol% THF in total. Finally, further 3 vol % TEA 
was added slowly. The solution was stirred at ambient temperature for three days. 
Excess of methacrylate (MA) and a catalytic amount of butylhydroxytoluol (BHT) was 
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added and the solution was stirred for 16 h at ambient temperature. The solvents and 
the base were removed. The copolymer was dissolved in as few as possible THF to 
precipitate three times in at least 50-fold volume-excess of cold n-hexane. The solvents 
were removed to obtain SCNPs, as a white powder (SCNPs of approximately 50 kDa 
and 100 kDa) or amorphous character (true for the high decorated SCNP samples of 






SI Figure 18. Scheme of the general procedure of folding reaction from the precursor to 
SCNPs using a crosslinker molecule 
SI Table 3. Identity and molar amounts of the crosslinker 1,4-benzenedimethanethiol 
(BDMT), the additives (base triethylamine [TEA], reducing agent [DMPP], radical 
inhibitor [BHT], methacrylate [MA]), and the solvents (acetonitrile [ACN] and 
tetrahydrofuran [THF]) employed for synthesis of SCNPs from the starting material of 
the (poly(PFB-stat-tBu) acrylate precursor library material (vertical sample names 
according the color code).  
  m n c V  m n c V  m n c V 
  mg 
mmo
l 
mM mL  mg 
mmo
l 












































































ACN    297    362    366 
THF (20 vol%)    74    91    92 
TEA (5 vol%)    20    25    25 
excess MA    1    4    3 










































































ACN    265    331    266 
THF (20 vol%)    66    83    67 
TEA (5 vol%)    20    25    20 
excess MA    8    10    8 












































































ACN    231    294    295 
THF (20 vol%)    58    74    74 
TEA (5 vol%)    20    25    25 
excess MA    16    19    19 
 
 
1H NMR spectroscopy confirmed the incorporation of the crosslinker (signal 11,13 in 
the SI Figure 19 to SI Figure 27); 19F NMR spectroscopy confirmed the turnover of 
the PFTR χPFTR (SI Figure 31), and SEC-D4 showed the changes of the characteristic 




SI Figure 19. Stacked 1H NMR spectra (500 MHz, CDCl3) of the precursor 20B (top) and 
the SCNP f20A (bottom). 
  




















































SI Figure 20. Stacked 1H NMR spectra (500 MHz, CDCl3) of the precursor 20B (top) and 
the SCNP f20B (bottom). 
 
SI Figure 21. Stacked 1H NMR spectra (500 MHz, CDCl3) of the precursor 20C (top) and 
the pairing SCNP f20C (bottom). 
 
  













































































































SI Figure 22. Stacked 1H NMR spectra (500 MHz, CDCl3) of the precursor 50A (top) and 
the pairing SCNP f50A (bottom). 
 
SI Figure 23. Stacked 1H NMR spectra (500 MHz, CDCl3) of the precursor 50B (top) and 
the pairing SCNP f50B (bottom). 
 
 












































































































SI Figure 24. Stacked 1H NMR spectra (500 MHz, CDCl3) of the precursor 50C (top) and 
the pairing SCNP f50C (bottom). 
 
SI Figure 25. Stacked 1H NMR spectra (500 MHz, CDCl3) of the precursor 100A (top) and 
the pairing SCNP f100A (bottom). 
 
  







































































































SI Figure 26. Stacked 1H NMR spectra (500 MHz, CDCl3) of the precursor 100B (top) and 
the pairing SCNP f100B (bottom). 
 
SI Figure 27. Stacked 1H NMR spectra (500 MHz, CDCl3) of the precursor 100C (top) and 
the pairing SCNP f100C (bottom). 
 
SI Figure 28 shows the increasing intensity of the signal’s characteristic of the 
incorporated crosslinker (signals 11 and 13) in the order C-, (black) > B-, (blue) > A-
, (turquoise).  The overlay of the 1H NMR spectra of the SCNPs for each molar mass 
group (20 kDa on the top, 50 kDa in the middle, 100 kDa spectrum on the bottom) 
highlights to correlation of the increasing intensity of the crosslinker-correlated signals 
and the %PFB (signal 6, 6*) correlated signals.   




































































































SI Figure 28. Labelled polymer structure and 1H NMR spectra (500 MHz, CDCl3) of the 
SCNPs for the approximately 20 kDa samples (middle), 50 kDa samples (middle) and 100 kDa 
samples (bottom). Side products of the reducing agents of the previous RAFT-group removal 
(PPh3, THF derivates) and the side products of the folding reaction (DMPP and HF*TEA) are 
labelled in grey.  







































































































































8.3.6.4 Evaluation the SCNP Composition (LD, absolute composition, loop 
length) 
Conversions of para-fluoro thiol reaction (PFTR) are evaluated via 19F NMR 
spectroscopy as described in the main text. The characteristic change of the 19F NMR 
signals is shown in SI Figure 29. The para signal disappears (Fp, 154 ppm), the 
appearance of the F- signal is found to depend on the employed base and the base 
concentration (SI Figure 29, highlighted in blue), as discussed in literature.293 The 
ortho signal (Fo, 143.0 ppm) and the meta signal (Fm, 163 ppm) are shifted upfield to 
the turnover signals (Fo´, 142 ppm and Fm´, 135 ppm; see red arrows in SI Figure 29).  
 
 
SI Figure 29. The schematic representation of the para-fluoro thiol reaction (PFTR) 
characteristic changes in the 19F NMR spectrum prior (left) and after (right) the substitution 
reaction. The general scheme of the PFTR for PFB units is shown between the spectra, 
colors assist for referencing to the corresponding spectral changes (grey, blue). The 
changes suitable for quantification are highlighted in red. The signal integrals of the meta 
signals of unreacted (Fm) and reacted PFB unit (Fm
’) were employed for quantification of 
the PFTR turnover. 
The ratio of the integrals of the meta signals were employed for PFTR quantification 
for reasons described in the main text, exemplarily shown for the 19F NMR spectrum 
of the SCNP sample f50C (SI Figure 30). The calculated turnover of the PFTR χPFTR 
of all samples are given in the top rows of the table in SI Figure 30.  
 
turnover of PFTR 







A 48.5 63.8 51.2 
B 94.6 95.1 92.4 




SI Figure 30. Left: The exemplary 19F NMR spectrum (470 MHz, CDCl3) of sample f50B, 
showing the signals relevant for the quantification of the PFTR conversion. The para (Fp) 
signal diminishes, whereas the meta (Fm), and ortho (Fo) signals shift to the turnover signals 
(Fm´ and Fo´). From the obtained PFTR conversion, the LD can be calculated. The 
19F NMR 
spectra of all samples are shown in the following figure.   











SI Figure 31 shows the 19F NMR spectra of the all SCNPs (a, b and c), which allow to 
derive the χPFTR and the LD according equation SI-2.  
 
SI Figure 31. 19F NMR spectra (470 MHz, CDCl3) of the small (a, approximately 20 kDa), 
middle (b approximately 50 kDa) and large (c, approximately 100 kDa) the SCNPs of the 
polymer library. The color code indicates the functional group decoration. The turnover 
ratio of the integrals of the of the meta fluorine signals allow for calculation of the PFTR 
conversion χPFTR of the pendant PFB groups or the LD, respectively. 




























Based on the relative amount of PFB groups in the precursor chain (%PFB) and the 
PFTR conversion (χPFTR), the ligation density LD is a useful measure for the SCNP 
library (see equation SI-2).  
𝐿𝐷 = 𝜒𝑃𝐹𝑇𝑅 ∗ %PFB (SI-2) 
The LDs for all SCNPs samples of the polymer library are summarized in SI Table 8. 
The values of LD are rounded to the last decimal place according to the experimental 
error (by phase and baseline correction for the Fourier transformed spectra etc.). 
Under assumption of exclusively two-side attached crosslinker molecules to the chain-
pendant PFB moieties, the number of ligation points LD is twice to the molar amount 
of crosslinker per chain (equation SI-3). The average number of crosslinker per SCNP 
nCL is accessible for a known degree of polymerization (DP) as described in equation 
SI-4. Setting the length of the chain DP in correlation to the nCL facilitates an estimation 
of an average loop length. Thus, average loop length nloop,av can be calculated by 
equation SI-5 via the %PFB per chain, the PFTR turnover (PFTR) and the DP.  
%CL = (𝐿𝐷)/2 = (𝜒𝑃𝐹𝑇𝑅 ∗ %PFB)/2 (SI-3) 
𝑛𝐶𝐿 = 𝐷𝑃 ∙ %𝐶𝐿 (SI-4) 




SI figure 32 displays the average number of crosslinker per SCNP nCL (colored crosses, 
corresponding to the left axis), which turns into the average loop length lloop,av (red bars 
corresponding the right red axis), resembling the average number of monomer units 
per loop. Under assumptions described in the text, the measure of the average loop 
length can be considered as a measure of deformability of the SCNPs as discussed in 
the main text. 
 
SI figure 32. The DP and the average number of crosslinker per SCNP (colored crosses, 
corresponding to the left axis) in hand, an average loop length (red bars related to the right 








70 LD of the SCNPs:
 ca. 5% (A samples)
 ca. 15% (B samples)

























































axis in the corresponding color) of monomer units per loop can be estimated for statistical 
copolymerized SCNPs. 
 
8.3.6.5 Structures of the SCNPs 
 
SI figure 33. Molecular structures of the SCNP library, synthesized via folding of poly(tBuA-
stat-PFBA) precursors by PFTR with the external dithiol crosslinker BDMT. The letter "f" 
for folding indicates the turn of the precursors to SCNPs. The samples are shown column-
wise according to the approximate molar masses (indicated by the number of the sample); 
whereas the ligation densities (LD) are shown row-wise (indicated by the letter of the 
sample’s name). The turnover of the ligation reaction of the penta-fluorinated functional 
groups was approximately quantitative for the higher decorated precursors (B, C), leaving 
only few PFB groups unreacted. In contrast, only ca. 50-60% PFTR turnover was observed 





8.3.7 Additional Material 
8.3.7.1 General procedure of Thermally Induced Free Radical Polymerization 
The synthesis of copolymers synthesized via free radical polymerization (FRP) 
supports the data interpretation of the main synthetic route for the SCNP library 
(synthesis via controlled polymerization), as the polydispersity Đ of FRP copolymers 
is generally higher, enhancing the performance of angle dependent scattering 
experiments for Zimm analysis as discussed in chapter 3.2.4. Furthermore, FRP 
synthesized polymers enable a more accurate batch dn/dc determination as described 
in chapter 8.2.3. A FRP-test copolymer of comparable composition of B-samples of 
the precursor library (15% PFB) is synthesized according following procedure. 
 
SI Figure 34. Reaction scheme of thermally induced free radical polymerization (FRP) of 
poly(PFB-stat-tBu) acrylates, employed for test copolymers. Feed ratios are given in the 
table below. 
Molar amounts and identity of reactants employed for RAFT polymerization are given 
in SI Table 4. An evacuated Schlenk tube was charged with recrystallized radical 
initiator AIBN, uninhibited tert-butyl acrylate, uninhibited PFBA and dioxane. The 
solution was deoxygenated by four freeze pump-thaw cycles and heated to 70 °C to 
initiate polymerization. After 15 h the mixture was allowed to cool to ambient 
temperature and the reaction was quenched by exposing the solution to air. The viscous 
solution was diluted with dioxane and precipitated in cold n-hexane (500 mL) twice. 
The solvent was removed, and the poly(PFB-stat-tBu) acrylate polymer was dried in 
vacuo.  
SI Table 4. Molar amounts of the monomer tert-butyl acrylate (tBuA) and pentafluorobenzyl 
acrylate (PFBA), the initiator azobisisobutyronitrile (AIBN) and the volume of the solvent 
dioxane for the thermally induced free radical polymerization (FRP) of poly(PFB-stat-tBu) 
acrylate copolymers, coined FRP copolymers. 
 poly(PFB) acrylate homopolymer poly(PFB-stat-tBu) acrylate 
ntBuA [mmol] - 10.142 
nPFBA [mmol] 7.253 1.790 
nAIBN [mmol] 0.005 0.008 







The 1H NMR spectroscopy analysis showed 14% PFB (see structure at framed in SI 
Figure 35), which is comparable to the B-samples of the defined precursor library and 




SI Figure 35. 1H NMR spectrum (500 MHz, CDCl3, top left), 19F NMR spectrum (470 MHz, 
CDCl3, top right),- and 13C NMR spectrum (125 MHz, CDCl3, bottom) of poly(tBu-stat- 
pentafluorobenzyl), obtained after thermally induced free radical polymerization (FRP). 
The results from SEC-D4 characterization are given next to the framed structure at the 
center. 
 
1H NMR (500 MHz, CDCl3) δ = 5.27 – 5.07 (br s, 9), 2.49 – 2.03 (br, m, 2, 7), 1.94 – 1.15 (1, 5, 6). 
19F NMR (470 MHz, CDCl3) δ = -141.5 – -143.7 (br s, 2 Fo), -153.41 – -154.89 (br s, 1 Fp), -162.42 – 
-163.74 (br s, 2 Fm). 
13C NMR (125 MHz, CDCl3) δ = 174.5 – 173.4 (3, 8), 145.7 (d, 12), 141.7 (d, 13), 137.4 (d, 11), 
109.5 (10), 80.4 (4), 53.3 (9), 42.9 – 40.5 (2, 7), 38.5 – 33.5 (1, 6), 28.5 – 26.5 (5). 
 
  






































8.3.7.2 Characterization of the Small RAFT Test Copolymer 10a 
To optimize the molar amount of the RAFT group per polymer chain, the short chain 
poly(PFB-stat-tBu) acrylate copolymer 10a was synthesized according the general 
RAFT polymerization procedure described in chapter 8.3.5.1. The 1H - 19F -, and 13C 
NMR spectra, the structure and the average characteristic values obtained from SEC 
characterization of 10a are given in SI Figure 36.  
 
  
   
SI Figure 36. 1H NMR- (500 MHz, CDCl3, top left), 19F NMR- (470 MHz , CDCl3, top right),- 
and 13C NMR spectra (125 MHz, CDCl3, bottom) with the relevant labels of the test-
copolymer 10a, obtained after RAFT polymerization. The results from SEC-D4 
characterization are given next to the framed structure at the right bottom. The 
characteristic RAFT end group signal 15 at 3.25 ppm (broad doublet) as well as the R-CH-
(CO2)() group (broad singlet) are zoomed in the 1H NMR spectrum, allows for 
quantification of RAFT end group removal representative for the whole precursor library 
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The SI Figure 37 shows the SEC-D4 detector traces of small test copolymer 10a. 
 
 
SI Figure 37. SEC-D4 traces of the small test copolymer 10a in THF after RAFT synthesis, 
showing the MALS detector signal (light scattering or LS, red), the dRI detector signal (black), 
and the viscosity detector signal (blue) of the SEC-D4 characterization of the RAFT precursor 
polymers. The molar mass is represented in red dots (referring to the right y-axis).  
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8.4 SEC-D4: SET-UP AND CHARACTERIZATION OF THE POLYMER 
LIBRARY 
8.4.1 SEC-D4 Set-Up 
The set-up of the SEC-D4 comprise the SEC column and four coupled detectors (SI 
Figure 38). After injection of the sample to the inlet system (SI Figure 38, left), the 
separation in the SEC-column leads to retarded elution of the more compact SCNPs 
compared to the pairing linear precursor. Subsequently, slices of polymers with ideally 
uniform hydrodynamic volume pass the MALS detector, which integrates the QELS 
detector at the nominal angle of 144.5° relative to the incident laser beam. Then, the 
sample passes the online viscometry detection and finally the dRI detector. 
 
 
SI Figure 38. Scheme of the SEC-D4 set-up, comprising of the SEC column and four coupled 
detectors. Important measures are assigned next to the detectors; further derivable 
parameters are indicated in blue. 
The following pages 208 to 218 show the results of the SEC-D4 characterization, 
concluding with the main result table of the SEC analysis.  
 
8.4.2 SEC-D4 Chromatograms 
The figures on the following pages 208 - 210 show the online MALS- (light scattering 
or LS, red), the dRI- (black), and the viscosity-traces (blue) from the SEC-D4 
characterization of the RAFT-group decorated precursor polymers. The molar mass is 
represented in red dots (referring to the right y-axis), the average molecular weights 
can be found in SI Table 8. The polymers after RAFT group removal served as starting 
material for the SCNP synthesis. SEC chromatograms prior and after RAFT group 
removal showed no significant changes. Minor high molar mass shoulders in the LS 
signal are discussed in the main text. Small molecular side products from synthesis, 
indicated in the dRI peak after 30 mL elution volume, are clearly separated from the 
polymer material.   
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SI Figure 39. SEC chromatograms of differently decorated 20 kDa samples, showing the 
precursors (left) and corresponding SCNPs (right), LS, dRI, VS signals and molar masses 





























































































































































































































































































SI Figure 40. SEC chromatograms of differently decorated 50 kDa samples, showing the 
precursors (left) and corresponding SCNPs (right), LS, dRI, VS signals and molar masses 




























































































































































































































































































SI Figure 41. SEC chromatograms of differently decorated 100 kDa samples, showing the 
precursors (left) and corresponding SCNPs (right), LS, dRI, VS signals and molar masses 

























































































































































































































































































8.4.2.4 SEC-D4 Chromatograms of the Single Chain Collapse 
The following figures show all detector signals of the SEC-D4 traces from the 
complete library of the molar masses 20kDa (SI Figure 42), 50kDa (SI Figure 43), and 





SI Figure 42. SEC-D4 traces of the 20kDa samples (20A, 20B, 20C) show the apparent 
hydrodynamic chain collapse due to the shift of the assigned apex of the dRI peaks for the 
SCNP (bottom) in comparison to the precursor (top). 
  































peak range: 12.90 - 16.00 mL
mass recovery: 93 %
peak range: 13.08 - 16.46 mL



















































peak range: 13.00 - 16.50 mL
mass recovery: 96 %
peak range: 13.08 - 16.46 mL



















































peak range: 13.30 - 16.40 mL
mass recovery: 81 %
peak range: 13.09 - 16.70 mL

























SI Figure 43. SEC-D4 traces of the 50kDa samples (50A, 50B, 50C) show the apparent 
hydrodynamic chain collapse due to the shift of the assigned apex of the dRI peaks for the 
SCNP (bottom) in comparison to the precursor (top).  
 
  































peak range: 11.90 - 15.80 mL
mass recovery: 95 %
peak range: 11.82 - 16.00 mL



















































peak range: 12.20 - 15.70 mL
mass recovery: 94 %
peak range: 11.82 - 16.00 mL



















































peak range: 12.40 - 16.00 mL
mass recovery: 85 %
peak range: 11.93 - 16.94 mL
























SI Figure 44. SEC-D4 traces of the 100kDa samples (100A, 100B, 100C) show the apparent 
hydrodynamic chain collapse due to the shift of the assigned apex of the dRI peaks for the 
SCNP (bottom) in comparison to the precursor (top). 
8.4.2.5 Online Molar Mass and Viscosity  
The most meaningful results of the SEC-D4 characterization for the SCNP formation 
is summarized in the SI Figure 45 to SI Figure 46, collected from dRI- MALS and 
viscosity detection. The data monitors the characteristic trends of the transformation 
from the precursor material (dotted dRI line or open dots of molar mass,- or viscosity 
data, respectively) to their folded analogs (full dRI line or full dots of molar mass,- or 
viscosity data, respectively). The dRI signals (lines corresponding to the left axis) are 
shown next to the results of online measures of absolute molar mass and intrinsic 
viscometry [η] (dots corresponding to the right axes). For sake of visual clarity, the 































peak range: 11.18 - 15.50 mL
mass recovery: 104 %
peak range: 11.30 - 15.30 mL



















































peak range: 12.20 - 16.00 mL
mass recovery: 86 %
peak range: 11.70 - 16.10 mL



















































peak range: 11.40 - 16.00 mL
mass recovery: 84 %
peak range: 10.74 - 15.79 mL






















data points are reduced to the half and the data is plotted at the same range of elution 
volume for all samples. The dRI-shift of the SCNPs towards higher elution volumes 
respective the starting material (see assigned apex of the dRI peaks) and the decrease 
of intrinsic viscosity [η] due to apparent hydrodynamic compaction the same as an 
increase of the molar mass due to crosslinker incorporation confirm the formation of 
defined SCNPs. 
 
SI Figure 45. Results of SEC-D4 characterization, monitoring the most important detector 
traces, confirming the folding from linear precursor (open dots and dotted dRI line) to their 
pairing SCNPs (full dots and full dRI line) for the samples of approximately 20 kDa. The 
signals show the dRI-shift (left y-axis)of the towards higher elution volumes (Δ mL values), 
an increase of the molar mass due to crosslinker incorporation (top right y-axis) and a 
decrease of intrinsic viscosity [η] (bottom right y-axis).  
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SI Figure 46. Results of SEC-D4 characterization, monitoring the most important detector 
traces, confirming the folding from linear precursor (open dots and dotted dRI line) to their 
pairing SCNPs (full dots and full dRI line) for the samples of approximately 50 kDa (top 
figure) and 100 kDa (figure below). The signals show the dRI-shift (left y-axis)of the 
towards higher elution volumes (Δ mL values), an increase of the molar mass due to 
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8.4.3 The Online Contraction Factor 
The online contraction factors g’ (viscosity model, Astra® software) are given in SI 
Figure 47, showing the chain contraction in dependency of the molar mass for all 
SCNP samples. 
 
SI Figure 47. Online contraction factors of the SCNPs of low LD (green), middle LD (blue) 
and high LD (black) obtained from SEC-D4 characterization in molar mass dependency. 
The different molar mass groups are indicated by the shape of the dots (triangle: 20 kDa, 












































8.4.4 The Stokes Ratio 
The mass-centerd compactness is indicated by the −parameter (Rg/R) in accordance 
to the complementary ρ-parameter (Stokes ratio). Both values are calculated by the 
ratio of the online average hydrodynamic radii (R or Rh) from SEC-D4 analysis and 
radius of gyration (Rg) from SANS characterization. Even if the error estimation for 
the obtained Rh data indicated challenges in the fitting of the aurocorrelation function 
(see SI Table 9), high reproducibility of the single results of the Rh was given for the 
SCNP samples.  
The ρ-parameter shows the expected opposing trend to −parameter of the data 
obtained for the SCNP samples in SI Figure 48, if plotted as a function of the ligation 
density of the SCNPs. The agreement of both parameters indicates the similarity of the 
hydrodynamic measures of size (R and Rh) and further confirms the topology of the 
polymers as stated in the main text. 
 
SI Figure 48. The ρ-parameter gives an insight into the topology of the polymer SCNPs (a). 
The ρ-parameter is calculated for the Rg (from SANS) and online Rh (from SEC-D4, QELS). 
As reliable online Rh were obtained for the SCNPs (full dots) only, we included the graph b 





8.4.5 Macromolecular Parameters Calculated from SEC-D4 
The main results of SEC-4D characterization are given in the following SI Table 5, 
showing the results comparable to the AF4-D5 characterization in SI Table 6 
(according the analytic focus of chapter 4). Notably, the comprehensive results of the 
SEC-4D characterization appear in the main tables on the pages 255 - 256, compiled 
in the course of chapter 5. 
 


































20A 2 0.052  20.6 22.5 1.09 n.a. n.a. 3.5 12.7 99 
20B 14 0.052  19.4 21.3 1.10 n.a. n.a. 3.3 10.7 96 
20C 31 0.050  22.2 23.8 1.07 n.a. n.a. 3.3 9.42 82 
50A 5 0.052  55.4 65.5 1.18 10.0 n.a. 6.3 25.7 98 
50B 14 0.051  51.6 63.8 1.24 8.8 n.a. 6.0 22.8 98 
50C 29 0.050  49.4 60.2 1.22 10.0 n.a.. 5.5 28.5 100 
100A 3 0.052  96.6 117 1.21 14.2 9.1 8.8 38.3 100 
100B 14 0.051  108 151 1.40 19.0 11.9 9.2 36.2 100 
100C 28 0.050  71.3 83.4 1.17 10.3 7.3 6.8 24.4 100 

























f20A 1 0.054  25.5 29.3 1.15 n.a. n.a. 3.8 12.4 92 
f20B 13 0.072  27.7 32.4 1.17 n.a. n.a. 3.2 6.9 96 
f20C 31 0.097  27.4 30.4 1.11 n.a. 3.2 2.9 5.6 81 
f50A 3 0.057  60.8 72.0 1.18 7.2 5.9 5.9 18.8 95 
f50B 14 0.072  66.7 79.9 1.20 4.7 5.7 4.9 9.6 94 
f50C 29 0.093  62.5 77.1 1.23 3.8 5.0 4.3 6.9 85 
f100A 2 0.055  107 127 1.19 11.2 9.4 8.4 30.6 93 
f100B 13 0.070  125 176 1.41 8.4 9.0 6.7 12.0 84 
f100C 28 0.093  91.6 111 1.21 5.0 5.8 4.9 7.3 86 





8.5 AF4-D5: SET-UP AND CHARACTERIZATION OF THE POLYMER 
LIBRARY 
8.5.1 AF4-D5 Set-Up 
The set-up of the AF4-D5 (SI Figure 49) comprises the AF4 channel and five coupled 
detectors. After injection of the sample by the inlet system (left), the fractionation 
according the hydrodynamic volume of the polymers leads to retarded elution of the 
more compact SCNPs compared to the paring linear precursor. Subsequently, the 
ideally hydrodynamically uniform fractions of polymers pass the UV/Vis detector and 
then the MALS detector, which integrates the QELS detector at the nominal angle of 
144.5° relative to the incident laser beam. Then, the sample passes the online 
viscometry detector cell and finally the dRI detector. 
 
SI Figure 49. Scheme of AF4-D5 set-up for the characterization of SCNPs and the 
corresponding precursors. Important measures are assigned next to the detectors; further 
derivable parameters are indicated in blue. 
The following pages 220 to 224 show the results of the AF4 characterization, 




8.5.2 AF4 Fractograms 
8.5.2.1 dRI Signals and Online Molar Mass Trace 
The SI Figure 50 indicates the successful fractionation of all library samples by the 




SI Figure 50. AF4-D5 fractograms of precursors (left) and SCNPs (right) of the modified 
ligation density LD (indicated in the color A < B < C). The lines represent the dRI traces, 
whereas the dots indicate the obtained online molar masses as a function of elution volume. 
 
  




























































































































































































































8.5.2.2 dRI Signals and Light Scattering Signals 
The SI Figure 51 shows the increasing shift of elution volume of the dRI signals (at 
the bottom of each graph) between the precursor material (grey) and the pairing SCNPs 
(colored). From the samples on the top to the middle to the bottom, the increasing LD 
correlates with the increasing elution volume shift. The signals of the MALS detector 




SI Figure 51. Selected AF4-D5 fractograms of precursors and SCNPs with varied ligation 
density, dRI signals and LS signals vs. elution volume. 
 


















































































































































































































































8.5.3 AF4 Online Viscosity Data  
 
 
SI Figure 52. AF4-VS fractograms of precursor and SCNP of a) 20 kDa and b) 100 kDa 
samples with varied ligation density, VS signals, intrinsic viscosities vs. elution volum (top). 
Online KMHS plots, intrinsic viscosities vs. molar masses, of differently decorated 
precursors by AF4-V (bottom). 
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8.5.4 Quantification via UV signals 
The incorporation of the crosslinker leads to a redshifted absorption behavior of the 
SCNPs if compared to the precursor. The UV/Vis spectra of precursor (black), the 
SCNP (blue) and the crosslinker (green) are given in SI Figure 53. Instead of the 
detection at the maximum adsorption of the SCNP at 277 nm, the incorporation of the 
crosslinker is traced by the detection at 300 nm for sake of selectivity. 
 
SI Figure 53. UV/Vis spectra of the precursor (black), the SCNP (blue) and the crosslinker 
(green). 
The negligibility of the absorption of the precursor at 300 nm was confirmed by the 
traces of online UV-detection, showing marginal absorption (less than 0.5 %) of the 
precursor at the wavelength of 300 nm.  
 
 
SI Figure 54. Online UV300nm signals vs elution time of the precursor samples (left) and the 
SCNP samples (right) after AF4 separation. Convincingly, multiple measurements of the 
precursor samples are shown to point out the negligible absorbance of the precursor at 300 
nm. 
Thus, the UV300nm signal was used for the calculation of LD, via the integration of the 
peak areas according the Lambert Beer´s law (equation 8). The peak area was corrected 
considering the absolute amount of eluted and detected sample meluted, accessible by 
the product of injected mass minj and mass recovery %mrecovery (see SI Table 6). The 
approach for the calculation the corrected peak areas Acorr is then described in equation 
SI-6. 
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𝐴𝑐𝑜𝑟𝑟 = 𝐴𝑝𝑒𝑎𝑘,𝜆 (𝑚𝑖𝑛𝑗 ∙ %𝑚𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦)⁄ =  𝐴𝑝𝑒𝑎𝑘,𝜆 (𝑚𝑒𝑙𝑢𝑡𝑒𝑑)⁄   (SI-6) 
 
8.5.5 Macromolecular Parameters Calculated from AF4-D5 
The main results of AF4-5D characterization are given in the following SI Table 6, 
showing the results comparable to the SEC-4D characterization in the SI Table 5 
(according the analytic focus of chapter 4).  


































20A 2 0.052  21.1 22.3 1.06 n.a. n.a. 3.3 12.6 100 
20B 14 0.052  18.9 19.8 1.05 n.a. n.a. 2.9 10.5 100 
20C 31 0.050  26.8 34.5 1.29 n.a. n.a. 3.5 9.7 79 
50A 5 0.052  72.7 82.3 1.13 n.a. n.a. 7.0 23.9 100 
50B 14 0.051  61.2 64.7 1.06 n.a. n.a. 7.5 23.2 89 
50C 29 0.050  53.4 58.2 1.09 n.a. n.a. 6.3 17.7 96 
100A 3 0.052  124 213 1.72 n.a. n.a. 9.4 34.4 100 
100B 14 0.051  116 152 1.31 n.a. n.a. 9.2 40.7 100 
100C 28 0.050  124 164 1.32 n.a. n.a. 10.0 30.7 91 























 f20A 2 0.054  26.4 33.1 1.30 n.a. 2.2 4.1 11.3 93 
f20B 13 0.072  25.4 26.2 1.03 n.a. 3.8 3.5 6.8 98 
f20C 31 0.097  26.7 27.5 1.03 n.a. 2.9 3.6 5.2 87 
f50A 3 0.057  61.6 78.0 1.27 14.4 6.7 6.5 19.7 94 
f50B 14 0.072  71.5 87.3 1.22 10.8 5.6 4.5 10.8 90 
f50C 29 0.093  67.2 90.0 1.34 7.2 5.3 5.9 7.0 90 
f100A 1 0.055  104 175 1.68 10.6. 8.5 8.6 32.2 82 
f100B 14 0.070  128 174 1.36 7.9 6.5 6.7 12.1 95 
f100C 28 0.093  97.0 111 1.14 4.2 5.3 5.2 7.7 90 
n.a. … not available due to isotropic scattering and/or low concentration 
 
The general error for determination of molar masses is given to 2.5 %; Rg: for 50 kDa 




8.6 SANS: SET-UP AND CHARACTERIZATION OF THE POLYMER 
LIBRARY 
8.6.1 SANS – Instrumentation and Data Processing  
The set-up of the employed SANS-device D11 at the Institute Laue-Langevin (ILL, 
Grenoble) is shown in the SI figure 55 (more details about the setup are provided in 
chapter 2). The employed sample-detector distance, the scattering intensity, and the 
scattering angle directly impact the obtained scattering curves P(q).413 The size-
resolution of the analyte depends on the employed neutron wavelengths and the 
scattering angle or q-range, respectively. Detector distances of 1- 8-, and 20 m (right 
of figure SI figure 55, top) are employed for the polymer samples. Herein, a broad q-
range is achieved, leading to broad range of resolved size scales for the investigated 
polymer samples, ranging from monomer to macromolecular dimension. 
 
SI figure 55. Scheme of the SANS-instrument D11 of the Institute Laue-Langevin (ILL, 
Grenoble), which was employed for the characterization of a representative sample set of 
the polymer library in solution (THF-d8). Every sample (six precursor and their 
corresponding SCNPs) was characterized at five different concentrations in the dilute 
solution regime, enabling a total Zimm data analysis. 
Interparticle interaction is neglected, as the concentrations of the samples are held 
sufficiently below the chain overlap concentration c* (equation 28). The absence of a 
structure factor peak in the scattering curve justifies this assumption. Herein, the form 
factor P(q) is equal to the scattering function of a single isolated polymer particle, 
revealing the size and the shape of the precursors and the corresponding SCNPs.360  
8.6.2 Evaluation of P(q) 
The evaluation of the form factor P(q) yields information about the size and the shape 
of a single isolated particle. The evaluation of the form factor P(q) is exemplarily 
shown for the precursor sample 50A in the SI Figure 56. The raw scattering curves 
after subtraction of the coherent underground (I, SI Figure 56A, crosses) are the base 
for calculation of the P(q). ‘Coherent’ scattering terms scattering for which an incident 
neutron wave interacts with other nuclei in the sample in a coordinated fashion as they 
can interfere with each other.67 First, each scattering curve was corrected to the 
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scattering intensity of the Guinier plateau (Iq=0 or for simplicity: I0). I0 was determined 
by extrapolation of a sigmoidal fit of each scattering curve. This normalization to the 
Guinier plateau yields Inorm, elsewhere known as apparent form factors Papp(q, c), 
visualized in SI Figure 56B (open dots). The apparent form factor Papp (q, c) describes 
the angle dependency of the scattering behavior with respect to the sample 
concentration. As the intensity I0 is a product of an instrument specific constant KSANS 
(including the contrast Δ), the concentration (c) and the weight average molar mass 
(Mw), the extrapolation to infinite dilution allows for a first estimation of the molar 
mass of the particles (equation SI-7) if other variables are kept constant. 
𝐼0 (𝑞)  ≈ 𝑀𝑤 ∗ 𝑐 ∗ 𝐾𝑆𝐴𝑁𝑆 (SI-7) 
Subsequently, the scattering behavior was corrected to the behavior at c = 0 by 
extrapolation of Papp(q, c) to infinite dilution (SI Figure 56C, full dots). This allows to 
obtain the corrected apparent Pc=0(q). Finally, the average of all Pc=0(q) curves was 
calculated (SI Figure 56D, red full dots) to obtain the true form factor Pc,θ=0(q), coined 
P(q) for simplicity.  
 
SI Figure 56. Procedure of the evaluation of P(q) for each sample, which facilitates to 
obtain a true form factor P(q) (red curve, graph D). Graph A: Raw scattering intensities 
after subtraction of the incoherent background scattering (I) of the precursor sample 50A 
(star symbols, five different concentrations, indicated by different colors). Graph B: 
Correction of the raw scattering curves (stars) to the I0 corrected scattering curves (open 
dots) for each sample concentration. Graph C: Representation of the q- and c-dependencies 
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factors Papp (q, c) (open dots). Graph D: The true form factor P (q) (red) is obtained as the 
average curve of the five Papp (q, c) curves. 
All steps for evaluation of the true P(q) as described in SI Figure 56 are combined for 
the scattering profiles of the precursor 20C and the corresponding SCNP f20C in SI 
Figure 57. Each sample shows the concentration dependency by the height of the 
Guinier plateau I0 from the raw scattering curves (I, crosses) according to equation 
SI-7. A slight increase at very low q-values shows the existence of larger particles 
(compared to the average polymer size), possibly indicating the formation of very few 
multiple-chain nanoparticles (MCNPs), which are even not evidenced in the SEC-
MALS detector traces (see chapter 8.4.2.4).  The change to a more compact 
conformation from precursor (SI Figure 57, left) to SCNPs (SI Figure 57, right) is 
indicated in increasing slopes. 
  
SI Figure 57. Merged scattering profiles curves obtained along the evaluation of the true form 
factor (P(q), red full dots) from the raw scattering curves after subtraction of the incoherent 
underground (I, crosses), showing the effect of concentration (height of the curves), slight 
aggregation (increased intensity at the very low q-range for all concentrations) and change 
of conformation due change of the scattering curves slope for the precursor (left) and the 
SCNP (right). 
All true P(q) scattering curves for the SANS-characterized samples, evaluated 
according the procedure as described SI Figure 56, are given in SI Figure 58. The slope 
of the scattering curves (related to the scaling factor ) drops clearly in correlation of 
the extend of intrachain collapse. The higher the LD of the SCNPs, the steeper is the 
negative slope of the obtained P(q) scattering curves (A-samples < B-samples < C-
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SI Figure 58. The obtained true P(q) form factors in the colors of the color code for all 
precursor (left) and all SCNPs (right) analysed via SANS characterization. 
8.6.3 Manual Plotting Form Factor P(q) 
Conventional plots of the scattering intensity P(q) are named after the pioneers of 
small-angle scattering like Zimm, Guinier, Kratky and Casassa suitable for the analysis 
of the scattering curve in a distinct q-range (see chapter 2).68–70 For sake of accuracy 
any plotting was performed for the true form factor P(q), evaluated as described in the 
previous chapter.  
Plotting must be applied to the normalized neutron scattering curves after subtraction 
of the incoherent background scattering, which does not comprise any phase-
information of the analyte. Incoherent scattering describes the interaction of incident 
neutron waves is independently with each nucleus in the sample.67 The subtraction of 
the incoherent background scattering has often been neglected in the past, which we 
aim to correct in this work. The subtraction of the incoherent background is applied to 
the final P(q) curve of each sample. More precise, the incoherent background is 
determined by the data points of very large q values (q > 0.47) of P(q). The average 
value from the last 15 data points of high q-values is subtracted from the scattering 
curve. The subtraction of the incoherent background scattering has an pronounced 
effect on the shape of the scattering curve for very high q-ranges (SI Figure 59, left). 
Even if the shape of the scattering curve is changed for high q-values, main 
interpretation of conventional plots remains unchanged. Manual plots presented in this 
work focus generally on the scattering information of lower q-values, as exemplarily 


































    
SI Figure 59. The impact of the subtraction of the incoherent background scattering in 
conventional dimension (left) or in the dimension used for Kratky plots (right), exemplary 
shown for the scattering curve of the precursor 50B (open dots) and its corresponding SCNP 
f50B (full dots). The curves prior the baseline subtraction (blue) differ from the curves after 









open: precursor 50B, full: SCNP f50B
 prior subtraction of the incoherent background scattering









open: precursor 50B, full: SCNP f50B
 prior subtraction of the incoherent background scattering
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8.6.3.1 Zimm Analysis 
Exemplary Zimm Analysis 
Zimm analysis is a mathematical series development of the scattering intensity as a 
function of the scattering vector q and concentration c, as described in equation 18. If 
the contrast factor is known, the weight average of the true molecular weight is 
obtained after extrapolation to the scattering angle q = 0 and concentration c = 0. Zimm 
proposed to carry out this extrapolation together in a special diagram, coined Zimm 
plot.  
Assuming no particle interaction, Zimm analysis is conventionally performed to the 
second series only, and higher terms are neglected.360 We show the classical Zimm 
analysis exemplary for the precursor sample 50C and the pairing SCNP f50C in SI 
Figure 60. The determination of the absolute Rg is depicted in the inserted 
concentration dependent graph of the SI Figure 60 (small figure to the top). The 
determination of the second virial coefficient A2 is shown in the framed zoom to the 
right of SI Figure 60. 
 
SI Figure 60. Classic Zimm data evaluation of the scattering data of the SCNP sample 50 C. 
The determination of the radius of gyration Rg (left) and the second virial coefficient A2 is 
indicated in the linear fit of the scattering curves at very low q-ranges. The slopes of the linear 
fits are plotted versus the concentration to derive the Rg (see inserted graph at the top). The 
framed zoom to the left shows the graphic determination of A2 and the apparent molar mass 
Mapp. 
The choice of employed q-ranges for the linear fit of the scattering curve for Rg 
calculation is critical for reliable data analysis. This is highlighted in the logarithmic 
plot of the scattering curves (SI Figure 60, left), which are preferred for accurate Rg 
determination. To assure comparable results of the Zimm analysis for the precursor 
and the corresponding SCNP, the same low q-ranges were employed for the evaluation 
of the characteristic slopes of the scattering curves (here: below q = 0.003). The Zimm-
plots of the precursor 50C is shown together with the Zimm-plot of SCNP f50C in the 
figure below. The choice of the data points for the linear fit requires optimization, as 
on the one hand the linearization is more precise for infinite small q-ranges. On the 
other hand, sufficient data points must be considered for sake a reliability. The found 
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optimal fit range for each sample was applied for both the precursor and the 
corresponding SCNP.  
 
SI Figure 61. Zimm plot of the scattering data of the precursor 50C (open dots) and the 
corresponding SCNP f50 (full dots). The logarithmic plot facilitates for the precise linear 
fitting of the very low q-ranges. The selection of the data points of the very low q- range is 
important to achieve comparability of pairing samples. 
In contrast to the simultaneous extrapolation to the scattering angle q = 0 and the to 
the concentration c = 0 according the classic Zimm diagram, we performed the 
extrapolations in two steps.58,362 The key benefit of this procedure is the dimensionless 
display of all obtained parameters. This is achieved due to use of the ordinate values 
at c, q = 0 and their subsequent extrapolation to c = 0. Herein, the contrast factor is 
reduced, and the molecular weight is not required for further calculation.  
Results of the Zimm Analysis 
SI Figure 62 shows the Zimm-results for radii of gyration Rg(c) for all precursor 
samples (open dots) and all SCNPs (full dots), where the colors of the data point 
indicate the %PFB of the samples. For sake of visual clarity, Rg(c) of the 50 kDa 
samples are given in the left graph of SI Figure 62, whereas the Rg(c) of the smaller 
and larger (samples 100A-, 100C-, and 20C) is given in the right graph of SI Figure 
62.  The data points obtained for the different concentration of one sample are 




SI Figure 62. Concentration dependent plot of the radii of gyration Rg (c) obtained from Zimm 
analysis of the SANS data. The results of the samples of approximately 50 kDa are given in 
the left plot, whereas the data of samples with significantly deviating size (the 20-, and 100 
kDa samples) are given in the right plot. Extrapolation to c=0 allows for calculation of the Rg 
as dicsussed in the main text. 
All samples show the expected trend of increasing Rg(c) with decreasing concentration. 
This underlines the importance of extrapolation of the radii to infinite dilution to take 
in account concentration effects. The average Rg for each sample (see SI Table 11) is 
obtained by extrapolation of the Rg to infinite dilution for each sample.  
8.6.3.2 Kratky Plots 
Kratky plots of the dimension q2P(q) vs. q for all samples characterized via SANS are 
represented in SI Figure 63. The plateau height is (among other factors) caused by the 
different particle sizes or molar mass, respectively. A plateau in a Kratky plot is 
obtained for all precursor (SI Figure 63, left), resembling a Gaussian coil conformation 
(q-2-slope).  The Kratky plots of the SCNP (SI Figure 63, left) indicate increased 
segment density to the extent of functional group decoration (%LD, see color code). 
In contrast to the less crosslinked SCNPs (A-samples, green) the tightly crosslinked 
SCNPs (B samples [blue] and C samples [black]) show a bell-shaped peak, indicating 
an increased segment density. The position of the apex of this peak (in q-dimension, 
see colored labels qA, qB, qC) is directly related to the size of the mass-fractals and fully 
resembles to the trends observed for Rg of the SCNPs (SI Table 11). Contrary to the 
Kratky plots of spheres, a high-q plateau is still present for the compact B- and C-
samples of the SCNPs. This observation indicates the coexistence of dense-fractions 
and linear chain conformation as discussed in the main text. Dimensionless Kratky 
plots ((qRg)
2P(q) vs. qRg), allow to elucidate the sphericity of the polymers dispensed 
mass,- or size effects, as exemplarily shown for the 50 kDa samples in SI Figure 64. 
The increasing degree of intramolecular ligation of the SCNP samples 
f50A < f50B < f50C is clearly visible by the extend of the bell-shaped peak. 























c  /  % mass
50 C
























SI Figure 63. Overview of the Kratky plots of the precursor (left, open dots) and the SCNPs 
(right, full dots), for the whole measured q-range. The vertical arrow in the left graph 
indicates the increasing plateau hight due to mass-, or sizes effects. The horizontal arrow 
in the right figure highlights shift of the position of the apex of the bell-shaped peak (q-
dimension, see colored labels qA, qB, qC), which allows for an estimation of the size of the 
dense mass-fractals. 
 
SI Figure 64. Dimensionless Kratky plots of the precursor (open dots) and the SCNPs (full 
dots), exemplary shown of the 50 kDa samples.  
8.6.4 Casassa Plots 
Casassa plots can be used to estimate the transition from coil-like behavior (low q-
range) to rod-like behavior (high q-range), if sufficient stiffness for such a transition 
is true for linear polymer chains. In this case, graphic determination of characteristic 
intersection point q* (SI Figure 67, left) allow to derive the transition from random 
coil to rigid rod behavior, therefore facilitating to calcaulate the Kuhn length lK of the 
rigid rods.70 Attempts for Kuhn length lK   via Casassa plots were not successful for the 
precursor samples, presumably due to flexible chain properties or a lack of the coil to 
rod transition point, respectively. Herein, we assume high chain flexibility of the 
precursor chains under the good solvent conditions present during SANS 
characterization, which coincides with the results of other thermodynamic measures 



















































However, the Casassa plots of the SCNPs show an asymptotic behavior for high q-
ranges and the effect of the mass or size (SI Figure 65, left graphs) as discussed for the 
Kratky plots (chapter above). Similar to the observation from Kratky plots, a 
significant maximum at q-ranges below 0.1 Å-1 and an asymptotic behavior for high 
q-ranges confirm the coexistence of dense-fractions and linear chain conformation as 
discussed for the Kratky plots (SI Figure 65, right graphs).414  
 
SI Figure 65. Overview of the Casassa plots of the precursor (left, open dots, labelling is 
resigned due to overlay) and the SCNPs (right, full dots), labeled with the sample names.  
The height of the maximum at low q-ranges of the Casassa plots increases with 
decreasing deformability of the SCNPs in the order A < B < C, as exemplarily shown 
for the 50 kDa samples in the SI Figure 66. 
The phenomena observed for the Kratky-, and Casassa plots are summarized in the 
illustration of SI Figure 67. The trends indicate the coexistence of both, dense-particle 
and gaussian chain behavior. It is assumes that not the entire SCNP molecule is 
compacted equally, as suggested in the cartoon to the right of SI Figure 67.69 
 
 
SI Figure 66. Casassa plots of the 50 kDa samples of the SCNPs (full dots) in contrast to 
the corresponding linear precursor (open dots).The colored area assist as guide for the eye 
for the increasing malleability with increasing LD (A < B < C).  
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SI Figure 67. Schematic representation of trends observed in Kratky plots (left) and Casassa 
plots (right) for the linear precursor (blue line) and intramolecular collapsed SCNPs 
(black) next to the plots for hard spheres (brown). The dotted line in the Casassa plot marks 





8.6.4.1 Evaluation of the Scaling Factor from P(q) 
SI Figure 68 and SI Figure 69 show the evaluation of the scaling factor  from the 
double logarithmic plotted scattering curves P(q), derived of SANS experiments. The 
highest inverse slope equals the fractal dimension (dfrac), which is related to the scaling 
factor according equation SI-8. 






                                                   (SI-8) 
The linear fit was applied within an assigned range of the scattering curve P(q) in order 
to obtain high fit quality (> R2 = 0.96).  
 
 
SI Figure 68. Evaluation of the scaling factor  from the form factor P(q). The form factor of 
the precursor (left) are given next to the corresponding SCNPs (right) of the sample sets 100A 
(top) and 100C (bottom). The slope was derived by a linear fit within the assigned q-range of 




























































SI Figure 69. Evaluation of the scaling factor  from the form factor P(q). The form factor of 
the precursor (left) are given next to the corresponding SCNPs (right) of the sample sets 50A 
(top), 50B (middle), and 50C(bottom). The slope was derived by a linear fit within the assigned 

























































dfrac = - slope = 1.65
























SI Figure 70. Evaluation of the scaling factor   from the form factor P(q). Exemplary 
scattering curves of the precursor 20C (left) are given next to the corresponding SCNP f20C 
(right). The slope was derived by a linear fit within the assigned q-range of the form factor 
P(q).  
8.6.5 Fitting SANS Data to Form Factor Models 
8.6.5.1 Flexible Cylinder Model  
The form factor  flexible cylinder (SasView application) is based on simulations of a 
discrete representation of a worm-like chain model of Kratky and Porod.368 The 
employed version of the form factor implements corrected terms of Pedersen and 
Schurtenberger, which are based on different terms of Sharp, Bloomfield, Burchard 
and Kajiwara.361,368,415  As depicted to the left in SI Figure 71, the polymer chain of 
the form factor model flexible cylinder is normalized by the volume of a flexible 
cylinder, defined by the contour length L (in means of the total chain length), the 
thickness 2R and locally stiff segments of the persistence length lp. The plot of the 
default parameters (Rg = 20 Å, lp = 50 Å.) of the model is exemplary shown to the right 
of SI Figure 71. The values of  L, lp and 2R, are modelled for a given Rg (obtained from 
manual ZIMM analysis of the SANS data, SI Table 11) and the DP (see SI Table 9) as 
indicated in SI Figure 71. The fit of the form factor fitting flexible cylinder was applied 
to the form factors P(q) of each sample. The required scattering length density SLD of 
the solvent THF-d8 (SLD = 0.183 10
-6 Å-2) was calculated by the scattering calculator 





























SI Figure 71. Scheme of the key output data of the fitting of the P(q) to the form factor 
flexible cylinder, given by the radius of the normalized cylinder (2R), the contour length of 
the chain L, and the persistence length lp (right). The required data of the radius of gyration 
Rg was determined via Zimm analysis of the neutron scattering data. The plot (right) shows 
the model form factor flexible cylinder for default input data of a Rg = 20 Å and a lp of 50 
Å. 
The results most relevant result of the form factor fitting is the Kuhn length lK, as it is 
in direct correlation to the flexibility of the polymer backbone. Generally, the chain 
flexibilty can be described by the segment length of the polymer chain. The segment 
length is equal to the length of the freely-jointed part of a theoretical chain, which has 
the characteristic chain dimensions.308,416,417 Thus, the polymer chain can be described 
as as a sequence of flexible rods smaller than the persistence length lp. The relationship 
between the Kuhn length lK (obtained from the flexible cylinder form factor fitting) 
and the frequently employed theoretical description of the persistence length lp is given 
in equation SI-9. 
𝑙𝐾 =  2 ∙ 𝑙𝑃 (SI-9) 
Therefore, the form factor flexible cylinder facilitates to estimate the stiffness of the 
linear samples by the calculation of the Kuhn length lK. The results of the application 
of the form factor fitting to the precursor samples are summarized in  SI Table 11.  
Choice of the Fit-Range (Model Flexible Cylinder) 
Iterative improvement of the fit quality (reduction of residuals between the model form 
factor and the experimental scattering curves) was achieved due to fit-parameters 
optimization and the considered q-range of the experimental data. The optimization of 
the parameters was performed under consideration of all samples within the certain 
molar mass ranges (20 kDa, 50 kDa, and 100 kDa) seperately, and optimal parameters 
were applied to all samples within these groups for sake of comparability. The iterative 
process is shown exemplarily for the scattering data of the 100 kDa precursor samples 



























SI figure 72. Optimization of the fit of the flexible cylinder model to the experimental form 
factors P(q) (left graphs) of sample 100 A (top) and 100C (bottom). To ascertain 
comparability of the results for the both samples of approximately 100 kDa, the residuals 
of the fit are minimized due to variation the q-ranges considered (left graphs, z-axis). The 
optimal fit-quality is obtained for the residuals of the E-curve (green) to the cost of a 
reduced set of data points employed for the fit. The E-curve example shows a clear deviation 
of the P(q) and to the form factor in the low q-range. The justification of the finally employed 





The following figure shows the results of the calculated Kuhn lengths and the 
corresponding residual obtained for the form factor fitting flexible cylinder for sample 
100C as a function of the employed q-range (see the q-ranges A-E in SI figure 72). 
Minimum residuals, but reproducible Kuhn lengths are obtained for the q-range of the 
D-fit (blue). Herein, the fit for all 100 kDa samples is applied to the q-range D (blue) 
as shown in SI figure 72.  
 
SI Figure 73. The justification of the optimal q-range for a form factor fit in order to obtain 
optimal fit quality (low residuals, Chi2), but at once including as much data points as 
possible, exemplary shown for the samples of approximately 100 kDa (100A and 100C). 
The plot shows, that the D calculation (blue) is found as optimal. This discussion is ongoing 
from the previous figure. 
The optimization of the form factor fitting as shown in SI Figure 73 and SI figure 72 
is applied to within the the molar mass groups of ca. 20 kDa and 50 kDa accordingly. 
Fitting (Model Flexible Cylinder) 
SI Figure 74 and SI Figure 75 show optimized model form factor fitting (flexible 
cylinder model, red curve) for all precursor samples characterized by SANS. The 
corresponding normalized residuals (with uncertainties) are given above the curves, 
indicate high fit quality. The experimental form factors P(q) are shown as black data 
points. The fit quality is high for a large q-range (minimum and maximum of the q-
range is assigned for each fit) for the smaller polymers, whereas the fit for the samples 




SI Figure 74. The experimental scattering curves P(q) (black data point with uncertainties) 
and the fit of the model form factor flexible cylinder (red curve) for the precursor sample 20C 
(top) and the precursor of approximately 100 kDa (100A, 100C). Fitting was performed to the 
same q-range of experimental data for similar molar mass of the samples. The fit quality is 























min = 0.018, max = 0.60
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SI Figure 75. The experimental scattering curves P(q) (black data point with uncertainties) 
and the optimized fit of the model form factor flexible cylinder (red curve) for the precursor 
samples of approximately 50 kDa (50A, 50B, 50C). Fitting was performed to the same q-range 
of the experimental data to all samples within this molar mass group. The fit quality is given 
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Results (Model Flexible Cylinder) 
The results of the model form factor fitting flexible cylinder for all SANS-
characterized precursor are given in the SI Figure 5. The obtained Kuhn lengths lK  are 
discussed the main text. The Kuhn lengths in dependency of the functional group 
decoration %PFB for the 50 kDa samples shows a clear increase of lK (chain stiffness) 
in the order A < B < C.  
SI Table 5. Results of the model form factor fitting flexible cylinder for all SANS-
characterized precursor samples. The quality of the fit (the residual Chi2), the contour 
length, the Kuhn length lK and the radius of the hypothetic flexible cylinder allow for 
















20C 31 8.9 383 1.7 32 0.3 8 0 
50A 5 0.7 1389 24 36 0.9 8.1 0.1 
50B 14 0.8 1150 15 40 0.8 8.5 0.1 
50C 29 0.7 922 10 42 0.8 8.5 0.1 
100A 3 0.2 861 30 38 2.2 8.8 0.2 
100C 28 0.5 731 13 37 1 8.6 0.1 
 
 
SI Figure 76. Plot of the Kuhn length lK in dependency of the functional group decoration 
%PFB of the backbone for the precursor samples 50A (green), 50B (blue) and 50 C (black). 
Inserted cartoons of the meaning of the length of the Kuhn length are inserted for eased 
understanding. Relative uncertainties are given by the red bars. The plot indicates an 
increase of chain stiffness of the precursor in THF-d8. 
8.6.5.2 Form Factor Polymer Excluded Volume  
The model form factor polymer excluded volume was applied to the form factors P(q) 
of all samples (precursor and SCNPs) and confirmed the manually evaluated 
parameters of the radius of gyration Rg (via Zimm analysis) and , which was derived 
by the slope of scattering curves P(q). To visualize the expected shape of the model 
form factor for the parameters of the polymer library, SI Figure 77 shows the plot of 
the form factor polymer excluded volume  by use of the obtained average experimental 




SI Figure 77. Model form factor polymer excluded volume by use of the obtained average 
experimental values of Rg and   as input-parameters for the precursor (black) and the 
SCNPs (blue). The employed input-parameters are stated in the graph. 
The form factor polymer excluded volume  (or, more precise: the implementation of its 
expression formulated in the year 1993) is suitable to model the properties of the 
polymer library, as the obtained flexibility of the precursors (see chapter “flexible 
cylinder model”) and by the good solvent quality of the samples in THF-d8 (estimated 
by the second virial coefficient A2) match the requirements of the form.
361 
Fitting (Polymer Excluded Volume Model) 
SI Figure 78 to SI Figure 78 show the fitting of the model form factor polymer excluded 
volume (red curve) and the experimental P(q) data (dots). The graphs of the precursor 
(black data points) is given on to left, next to the graphs of the corresponding SCNPs 
(blue data points).  The of the fit quality is given by the normalized residuals (linked 
to the right axis) at the top of each graph. The same q-ranges are employed for the 
corresponding pairs of precursors and SCNP for sake of comparability and accuracy. 
The optimization of the q-ranges for the pairing samples (labelled in each graph) lead 
to reduced fit quality for the samples 20C an f20C, whereas high fit quality was 
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SI Figure 78. Plots of the optimized fitting of the model form factor polymer excluded 
volume (red curve) to the form factor P(q)  of the precursor samples (left graphs, black 
scattering data points with uncertainties) and to the corresponding SCNP (right graph, blue 
scattering data points with uncertainties). The fit is applied to the same q-range of the 
experimental data for both the precursor and the pairing SCNP, as the label of q-range 
shows in each graph. The corresponding normalized residuals of the fit are given above the 





SI Figure 79. Plots of the optimized fitting of the model form factor polymer excluded 
volume (red curve) to the form factor P(q) of the precursor samples (left graphs, black 
scattering data points with uncertainties) and to the corresponding SCNP (right graph, blue 
scattering data points with uncertainties) of the samples of approximately 100 kDa. The fit 
is applied to the same q-range of the experimental data for both the precursor and the 
pairing SCNP, as the label of q-range shows in each graph. The corresponding normalized 
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SI Figure 80. Plots of the optimized fitting of the model form factor polymer excluded 
volume (red curve) to the form factor P(q) of the precursor samples (left graphs, black 
scattering data points with uncertainties) and to the corresponding SCNP (right graph, blue 
scattering data points with uncertainties) of the samples of approximately 50 kDa. The fit 
is applied to the same q-range of the experimental data for both the precursor and the 
pairing SCNP, as the label of q-range shows in each graph. The corresponding normalized 
residuals of the fit are given above the red model curve, related to the left y-axis. 
 
Results (Polymer Excluded Volume Model) 
The results of the fittings of the form factor model polymer excluded volume are shown 
in SI Table 7. Both results of these fits the radius of gyration (Rg,model) and the scaling 
factor model validate the data obtained from manual ZIMM analysis (Rg)  and manual 




















































































































































































obtained from the form factor fitting polymer excluded volume and the manually 
evaluated results of the SANS data.  
SI Table 7. Results of the fitting of the model form factor excluded volume (Sasview 
application) to experimental scattering data of the precursor (left) and the SCNPs (right), 











+-  +- 
20C 3.6 5.1 0.14 0.57 0 f20C 5.1 3.1 0.03 0.34 0.01 
50A 0.2 13.9 1.97 0.62 0.01 f50A 0.3 10.3 0.94 0.52 0.01 
50B 0.3 12.9 1.52 0.62 0.01 f50B 1.0 6.7 0.3 0.39 0.01 
50C 0.4 11.2 1.24 0.63 0.01 f50C 1.1 5.3 0.19 0.33 0.01 
100A 1.0 12.7 1.63 0.63 0.01 f100A 0.2 15.2 3.32 0.58 0.01 
100C 0.4 15.8 3.87 0.63 0.01 f100C 1.1 5.9 0.23 0.32 0.02 
 
Notably, the obtained error bars for the Rg,model (SI Figure 81, red bars) are generally 
higher for the precursor samples, indicating the high sensitivity of SANS to impurities 
or a dispersity. It is assumed that the multiple purifications along the SCNP synthesis 






SI Figure 81. The results of the form factor fitting polymer excluded volume (SasView 
application) are shown in the left graphs (dots) next to the results of the manual evaluation 
(right graphs, stars) for the evaluated Rg (top graphs; a and b) and the scaling factors  
(bottom graphs; c and d). The good agreement of the data confirms the reliability of the 
manual ZIMM calculation. 
  

































































































































8.7 ADDITIONAL INTERPRETATION OF EXPERIMENTAL DATA 
8.7.1 Application of a Priori Estimation for SCNP Compaction 
The following figure shows the chain collapse (justified by the Rg) in dependency of 
the ligation density LD of the SCNPs. As direct reference of compaction (size, density 
etc.) is often useful not due to lack of comparability to other SCNP systems in literature 
we consider the only yet stated relation between folding-induced chain collapse and 
extend of intramolecular interaction by Colmenero et al..92 Even if this relation for 
estimation of the size reduction upon folding applies for reversible folding scenarios, 
we apply it to our experimental data.  For precursor chains of fraction of %PFB groups 
involved in intramolecular ligation (original literature: reversible bonds), the expected 
size of the SCNPs is estimated by Rg = Rg, precursor (1 − %PFB)
0.6. The results from this 
calculation (SI Figure 82, crosses) show rather underestimation of the total chain 
collapse with respect to the experimental data SI Figure 82, dots). We conclude, that 
contriving general trends for SCNP design is constantly improving towards applicable 
predictions of any SCNP system.  
 
SI Figure 82. A comparison a power law prediction of the size reduction for reversible 
bonds (crosses) and experimental SANS data of irreversible chain collapse from precursor 
(open dots) to the corresponding SCNPs (full dots) as a function of the LD. 
 
  































A priori estimation of the size reduction upon folding 
for reversible interactions
Macromolecules 2017, 50, 1732−1739
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8.7.2 The Flory Fox Parameter 
The generalized ratio  (R/Rg) sets the mass distribution of chain segments respective 
the center of gravity of the polymer in relation to the hydrodynamic distribution of the 
chain segments (see main text). Herein,  is directly related to the Flory-Fox parameter 
F and can be used as a measure of solvent-draining of polymer.
364 The Flory-Fox 
equation describes the relation between the intrinsic viscosity [η], the Rg and molar 
mass (equation 25), allowing to refer scattering data with results of viscometric 
characterization. The Flory Fox parameter of the SCNPs are given in SI Figure 83. An 
increase of F with increasing intramolecular ligation LD (A > B > C) is observed, 
reasonable due to the increase of intrachain ligation. This trend correlates with 
increasing values of  respectively.362 
 
 
SI Figure 83. The Flory-Fox parameter F obtained for the SCNPs of the precursor library. 
 
  



































8.7.3 The Drainage Factor 
The description of the chain collapse of SCNPs by the relative change of the Rg due 
the contraction factor g is discussed in chapter 3. One can derive further topological 
descriptions of macromolecules if g is correlated to the contraction factor of the 
viscosity g´.85,362 Kurata assumed a power law for both values and established the so-
called drainage exponent  (g´ = g),418 for which a range between 1.5 and 0.5 is usually 
observed in the field of branched polymers.82 The correlation between g’ and g for 
branched polymers studied by Zimm and Kilb to describe hydrodynamic properties.419 
The non-universality of  is discussed by Lederer et al. in greater detail, showing that 
 can correlates to the degree of branching independent of the molar mass under 
assumptions.85 Generally, the value for  of 0.5 indicates polymer structure with low 
branching whereas 1.5 applies to molecules of high branching. Even if one cannot 
speak of branched polymers for SCNPs, their architecture resembles intramolecular 
branching. However, SI Figure 84 shows the drainage factors  obtained for the sample 
set of SCNPs, which were characterized via SANS technique. 
 
SI Figure 84. The drainage factor  for the SCNPs characterized via SANS technique, 
allowing for an interesting contemplation of the the morphology of SCNPs. The obtained 
values of  are between 0.7 >  > 1.3). The drainage exponent decreases with increasing 
LD for comparable molar mass (f50A > f50B > f50C) and increases with increasing molar 
mass for comparable LD ( f100C > f50C > f20C). 
As similar considerations have not been applied to SCNPs to date, to the best of the 
authors knowledge, therefore, this consideration data require contemplation from 
further SCNP systems. We obtain values of the drainage exponent  between 0.7 and 
1.3, which is within the limits popular in the discipline of branching polymer research. 
Furthermore, we observe a linear decrease of  with increasing LD (for comparable 
molar mass; f50A > f50B > f50C), and an increase of  with increasing molar mass 
(for comparable LD; f100C > f50C > f20C). 
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8.7.4 The Impact of Mass Increase upon Folding on the Apparent Density  
To visualize the limits the value of dapp for very small polymers, we plotted the 
theoretical Rg as a function of molar mass for the observed average experimental 
densities of both the SCNP (Figure below, black full dots, 0.2 g cm-3) and the precursor 
(grey open dots, 0.02 g cm-3). The theoretical Rg was calculated according the equation 
27. SI Figure 85 indicates that the mass change due to the incorporation of the external 
crosslinker has the most significant impact on the dapp of the smallest SCNPs with the 
highest LD, exemplarily shown for the SCNP sample f20C (the red arrow assists as 
guide for the eye).  
 
SI Figure 85. Theoretic Rg as a function of molar mass for the observed experimental 
average apparent densities dapp of both the SCNP (black full dots, 0.2 g cm
-3) and the 
precursor (grey open dots, 0.02 g cm-3). The grey area indicates the folding-induced 
compaction. The red arrow shows the impact of the mass increase upon folding via 
incorporation of external crosslinker, whereas the folding-induced change of the dapp is 
more intuitive for folding events without mass change. These effects become meaningful for 
SCNP folding of very small precursors upon high mass change. 
The graph shows that the applicability of the measure of the on the dapp is limited for 
SCNPs, synthesized under significant change of molar mass mass due to incorporation 












Mw / g mol
-1




no change of Mw upon folding
 
254  
8.8 MAIN TABLES OF STRUCTURAL AND CONFORMATIONAL 
PARAMETERS 
SI Table 8. Main parameters of the polymer library determined via 1H, and 19F NMR 
spectroscopy and SEC-D4. The nine linear precursor samples and the amount of decoration 
with pentafluorobenzyl groups (%PFB, top nine samples) are listed above the corresponding 
SCNPs (indicated by the letter “f” for folded), for which ligation density LD is shown. The 
results of the degree of polymerization (DP) and the refractive index increment (dn/dc) are 
given. Uncertainty weighted (±%) values of the absolute number average molar mass (Mn), 
the absolute weight average molar mass (Mw), the polydispersity (Ð) and the mass recovery, 
which applies for the given peak ranges. The right column gives the shift of elution volume of 
the obtained SEC elugrams, determined by the peak apex shift between the precursor and the 
corresponding SCNPs. 




precursor % absolute mL g-1 kDa  kDa   % ml 
20A 2 158 0.052 20.6 1.24% 22.5 1.23% 1.09 99.2 - 
20B 14 133 0.051 19.4 1.50% 21.3 1.10% 1.10 95.6 - 
20C 31 133 0.049 22.2 1.58% 23.8 1.73% 1.07 81.5 - 
50A 5 414 0.052 55.4 1.36% 65.5 0.60% 1.18 98.0 - 
50B 14 354 0.051 51.6 2.24% 63.8 0.43% 1.24 98.2 - 
50C 29 302 0.049 49.4 2.36% 60.2 0.63% 1.22 100.5 - 
100A 3 731 0.052 96.6 0.43% 116.6 0.30% 1.21 103.6 - 
100B 14 745 0.051 108.0 0.89% 151.5 0.53% 1.40 100.4 - 





        
f20A 1 1 0.054 25.5 0.31% 29.3 0.43% 1.15 92.7 0.00 
f20B 14 9 0.072 27.7 0.30% 32.4 0.43% 1.17 95.6 0.17 
f20C 31 21 0.097 27.4 0.16% 30.4 0.20% 1.11 80.8 0.28 
f50A 3 6 0.057 60.8 0.28% 72.0 0.17% 1.18 94.8 0.20 
f50B 14 24 0.072 66.7 0.13% 79.9 0.10% 1.20 94.4 0.36 
f50C 29 43 0.093 62.5 0.15% 77.1 0.10% 1.23 84.9 0.50 
f100A 2 6 0.055 107.2 0.18% 127.3 0.10% 1.19 93.2 0.19 
f100B 13 47 0.070 124.6 0.67% 176.1 0.30% 1.41 84.2 0.40 





SI Table 9. Part 1/2 of further parameters of the polymer library determined via SEC-D4. The 
nine linear precursor samples and amount of decoration with pentafluorobenzyl groups 
(%PFB, top nine samples) are listed above the corresponding SCNPs (indicated by the letter 
“f” for folded), for which the ligation density LD is given. The key parameters of SEC-D4 are 
given by the uncertainty weighted (±%) values of the absolute radius of gyration (Rg) and the 
scaling factor obtained from MALS, the hydrodynamic radius (Rh.) obtained from QELS are 
given next to the viscometric radius (R), intrinsic viscosity ([]), the viscosity based 
contraction factor (g´), the slope of the KMH-plot () and the scaling factor (). 
precursor PFB Rg,z (MALS) ±% Rh,z (QELS) ±% R,w (VS) ±% 
 % nm  nm  nm  
20A 2 6.4 135.03% n.a. - 3.5 0.37% 
20B 14 8.4 68.90% n.a. - 3.3 0.37% 
20C 31 10.6 65.00% n.a. - 3.3 0.63% 
50A 5 10.0 23.67% n.a. - 6.3 0.23% 
50B 14 8.8 21.33% n.a. - 6.0 0.20% 
50C 29 10.0 25.17% n.a. - 5.5 0.27% 
100A 3 14.2 5.35% 9.1 90.10% 8.8 0.10% 
100B 14 19.0 5.87% 11.9 90.93% 9.2 0.20% 
100C 28 10.3 14.80% 7.3 89.73% 6.8 0.17% 
SCNP %LD       
f20A 1 7.9 43.30% n.a. - 3.8 0.23% 
f20B 14 9.2 26.90% n.a. - 3.2 0.27% 
f20C 31 9.5 8.50% 3.2 60.73% 2.9 0.20% 
f50A 3 7.2 11.50% 5.9 78.83% 5.9 0.10% 
f50B 14 4.7 14.93% 5.7 34.40% 4.9 0.10% 
f50C 29 3.8 30.97% 5.0 29.37% 4.3 0.20% 
f100A 2 11.2 3.43% 9.4 56.37% 8.4 0.03% 
f100B 13 8.4 15.40% 9.0 48.37% 6.7 0.23% 





SI Table 10. Part 2/2 of further parameters of the polymer library determined via SEC-D4. 
The nine linear precursor samples and amount of decoration with pentafluorobenzyl groups 
(%PFB, top nine samples) are listed above the corresponding SCNPs (indicated by the letter 
“f” for folded), for which the ligation density LD is given. The key parameters of SEC-D4 are 
given by the uncertainty weighted (±%) values of the absolute radius of gyration (Rg) and the 
scaling factor obtained from MALS, the hydrodynamic radius (Rh.) obtained from QELS are 
given next to the viscometric radius (R), intrinsic viscosity ([]), the viscosity based 
contraction factor (g´), the slope of the KMH-plot () and the scaling factor (). 
precursor PFB [η]w ±% g'  ±%  (MALS) ±% 
 % ml g-1       
20A 2 12.7 0.26% - 0.56 0.07% 1.36 131.38% 
20B 14 10.7 0.30% - 0.55 0.09% 0.41 62.03% 
20C 31 9.4 0.89% - 0.59 0.27% 0.24 19.69% 
50A 5 25.7 0.22% - 0.60 0.04% 0.47 3.61% 
50B 14 22.8 0.16% - 0.59 0.03% 0.56 2.87% 
50C 29 18.5 0.21% - 0.57 0.03% 0.38 4.78% 
100A 3 38.3 0.21% - 0.64 0.03% 0.43 0.88% 
100B 14 36.2 0.14% - 0.54 0.02% 0.35 0.65% 
100C 28 24.4 0.20% - 0.63 0.04% 0.50 2.51% 
SCNP %LD        
f20A 1 12.4 0.44% 0.98 0.50 0.12% 0.29 5.66% 
f20B 14 6.9 0.36% 0.65 0.37 0.13% 0.20 3.92% 
f20C 31 5.6 0.46% 0.60 0.31 0.28% 0.24 1.63% 
f50A 3 18.8 0.15% 0.73 0.58 0.03% 0.40 2.83% 
f50B 14 9.6 0.22% 0.42 0.35 0.07% 0.39 4.64% 
f50C 29 6.9 0.56% 0.37 0.22 0.25% 0.35 9.40% 
f100A 2 30.6 0.09% 0.80 0.61 0.02% 0.55 0.55% 
f100B 13 12.0 0.50% 0.33 0.31 0.12% 0.42 2.30% 





SI Table 11. Main parameters of the selected sample set of the polymer library characterized 
via SANS. The selected six linear precursors and the amount of decoration with 
pentafluorobenzyl groups (%PFB, top nine samples) are listed above the corresponding 
SCNPs (indicated by the letter “f” for folded), for which the ligation density LD is given. The 
key parameters calculated from the SANS data are the scaling factor (),the absolute radius 
of gyration (Rg), the radius related contraction factor (g), and the second virial coefficient 
(A2)as calculated using ZIMM analysis. Based on these primary data, the chain overlap 
concentration c* and the apparent density dapp, (both calculated by use of Rg from SANS and 
Mw from SEC-D4),  the -parameter ( , calculated by use of Rg from SANS and R  from SEC-
D4) are obtained. Model form factor fitting with the software SaSview.org was employed to 
calculate the Kuhn length (lK) of the precursor by use of the model flexible cylinder, and the 
radius of gyration (Rg, model) and the scaling factor (model) by the use of the model excluded 
volume. 






precursor % nm     g cm-3 
mol mL 
g-² 
nm  nm 
20A 2           
20B 14           
20C 31 5.1 71.2 - 0.67 0.66 0.072 2.11E-03 5.1 0.57 3.2 
50A 5 11.6 16.6 - 0.58 0.6 0.018 2.04E-03 13.9 0.62 3.6 
50B 14 10.9 19.5 - 0.6 0.63 0.021 1.35E-03 12.9 0.62 4 
50C 29 9.8 25.4 - 0.61 0.62 0.026 8.65E-04 11.2 0.63 4.2 
100A 3 14.9 14.0 - 0.57 0.61 0.013 -9.00E-04 12.7 0.63 3.8 
100B 14           
100C 28 11.5 21.7 - 0.6 0.64 0.021 -1.48E-03 15.8 0.63 3.7 
SCNP %LD           
f20A 1           
f20B 14           
f20C 31 3.6 202.5 0.50 0.42 0.93 0.256 -1.42E-03 3.1 0.34 n.a 
f50A 3 10.1 25.2 0.76 0.52 0.64 0.026 -7.06E-04 10.3 0.52 n.a 
f50B 14 7.3 65.0 0.45 0.39 0.74 0.081 -6.17E-04 6.7 0.39 n.a 
f50C 29 6.0 110.5 0.37 0.34 0.81 0.146 -1.22E-04 5.3 0.33 n.a 
f100A 2 14.1 16.5 0.90 0.51 0.67 0.016 -1.19E-03 15.2 0.58 n.a 
f100B 13           






8.9 EXPERIMENTAL PROCEDURES OF CHAPTER 2 
8.9.1 Materials 
Solvents (CH2Cl2, diethyl ether, petroleum ether, acetone, tetrahydrofuran, and 
methanol) were purchased from VWR in HPLC grade and used directly. Monomers 
(styrene and pentafluorostyrene) were passed through a column of silica gel to remove 
the inhibitors prior to synthesis. AIBN was recrystallized in toluene and stored in the 
freezer before use. All other chemicals were purchased from Sigma-Aldrich and used 
as received. Thin-layer chromatography (TLC) was performed on silica gel 60 F254 
alumina sheets (Merck) and visualized by UV light or potassium permanganate 
solution. Column chromatography was run on silica gel 60 (0.04-0.06 mm, 230-400 
mesh ASTM, Merck).  
8.9.2 Synthesis of Thioxanthone-DBU 
Thioxanthone-DBU was synthesized following a previously published procedure330 
with modifications in certain steps as described below. After each step the formation 
of the intermediates were confirmed by comparing NMR spectral data with the 
published report. 
 
SI Figure 86. Synthesis of Thioxanthone-DBU. 
3-Nitrophthalic anhydride. Aqueous ammonia solution 28% (20 mL) was added to 3-
nitrophthalic anhydride (10 g, 0.05 mol) and the mixture was heated at 85 ᵒC until a 
clear solution was obtained. The solution was then slowly heated to 290 ᵒC under an 
air condenser, during that time a yellow solid was formed. The solid was cooled to 
ambient temperature and used directly in the next synthesis. 
2-(1,3-Dioxoisoindolin-4-ylthio)benzoic acid. Thiosalicylic acid (4.5 g, 0.03 mol) was 
dissolved in warm NaOH solution 1 M (50 mL) and the solution was stirred at 70 ᵒC 
for 30 min under open air. Ethanol (100 mL) was added to the mixture and the white 
solid was filtered and dried in a vacuum oven (40 ᵒC) for 5 h.  The resultant solid was 
dissolved in DMF and 3-nitrophthalic anhydride (0.025 mmol) was added. The 
solution was stirred at 80 ᵒC for 14 h and cooled to ambient temperature. To this 
solution was added HCl 2 M (100 mL) and the yellow precipitate was filtered, 
recrystallized from dioxane to give yellow needle product (yield 87%). 
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Thiochromeno[2,3-e]isoindole-1,3,6(2H)-trione.  The above product (3 g, 0.01 mol) 
was suspended in poly(phosphoric acid) (50 g) and the solution was stirred using a 
mechanical stirred at 150 o C for 2 h. Ice water (200 mL) was then added to the mixture, 
and the yellow filtrate was collected, washed with excess amount of water and dried 
in a vacuum oven (40 ᵒC) overnight (yield 91%). 
1H-Thioxantheno[4,3-c]furan-1,3,6-trione. The above product (1 g, 3.6 mmol) was 
suspended in NaOH solution 0.1 M (100 mL) and the mixture was heated at 120 ᵒC 
under refluxing condition for 2 h. The solution was acidified with concentrated HCl 
solution (35%) and stirred at 120 ᵒC under refluxing condition for 18 h. After cooling 
to ambient temperature, the yellow solid was filtered, washed with copious amount of 
water and dried in a vacuum oven (40 ᵒC) overnight. This product was suspended in a 
solution of acetic anhydride (20 mL) and xylene (80 mL) and the solution was heated 
at 150 ᵒC for 2 h. After cooling to ambient temperature, the yellow precipitate was 
filtered and rinsed with pentane (20 mL x 3), and dried in vacuo to give product as 
yellow powder (yield: 89%). 
4-((1,3,6-Trioxothiochromeno[2,3-e]isoindol-2(1H,3H,6H)-yl)-
methyl)cyclohexanecarboxylic acid. The above product (0.7 g, 2.5 mmol) and trans-4-
(aminomethyl)-cyclohexanecarboxylic acid (0.39 g, 2.5 mmol) were dissolved in 
acetic acid (20 mL) and the solution was heated at 120 ᵒC under refluxing condition 
for 3 h. The reaction mixture was cooled to ambient temperature and poured into ice-
cooled water (100 mL). The yellow crystalline product was filtered, washed with water 
(100 mL x 2) and dried in vacuo to give product was yellow crystal (yield 93%). 
Thioxanthone-DBU. The above product (0.84 mg, 2 mmol) was dissolved in dioxane 
(10 mL) and a solution of DBU (5 mmol) in dioxane (10 mL) was added dropwise. 
The solution was stirred for 24 h and dioxane was concentrated in vacuo. The residue 
was purified by column chromatography running on ethylacetate to give product as 
yellow powder (yield 96%). 1H NMR (600M Hz, CD3OD, δ/ppm): 8.81-8.82 (d, 7.86), 
8.47-8.49 (d, 7.88), 7.8-7.82 (d, 7.89), 7.74-7.76 (m), 7.56-7.59 (m), 3.61-3.63 (d, 
9.59), 3.54-3.56 (m), 3.35-3.37 (t, 5.73), 2.68-2.7 (d, 10.37), 2.03-2.13 (m), 1.95-2 (dd, 
3.52, 10.52), 1.71-1.84 (m), 1.41-1.45 (m), 1.08-1.11 (m). . ESI-MS (negative mode, 
M-) measured: 420.0905, calculated: 420.0911; (positive mode, M + H+) measured: 




SI Figure 87. 1H NMR spectrum of thioxanthone-DBU (CD3OD, 600 MHz). 
8.9.3 Photo-Uncaging of Thioxanthone-DBU 
 
SI Figure 88. Set up for the photo-uncaging of thioxanthone-DBU, after photoirradiation of 
the solution, pH was found to increase from 8 to 11. The release of the CO2 was also 






SI Figure 89. 1H NMR spectra of thioxanthone-DBU before (a) and after (b) irradiation 
with blue light (420 nm), and c) pure DBU (CD3OD, 600 MHz). 
 
 
SI Figure 90. Mass spectrometry of the thioxanthone-DBU solution after blue light (420 
nm) irradiation, showing the presence of the DBU peaks. 
8.9.4 General Procedure for the Light-induced PFTR of Small Molecules 
Thiol compounds (1.05 mmol), thioxanthone-DBU (1.1 mmol) and pentafluorobenzyl 
precursors (1 mmol) were dissolved in THF (10 mL) and the solution was irradiated 
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with blue light (420 nm) for 2 h under stirring and at ambient temperature. The solution 
was then concentrated in vacuo and purified by flash column chromatography, eluting 




SI Figure 91. 1H NMR spectrum (top) of ligated product S1 (CDCl3, 600 MHz). 19F NMR 






SI Figure 92. 1H NMR spectrum (top) of ligated product S2 (CDCl3, 600 MHz). 
19F NMR 






SI Figure 93.  1H NMR spectrum (top) of ligated product S3 (CDCl3, 600 MHz). 
19F NMR 






SI Figure 94. 1H NMR spectrum (top) of ligated product S4 (CDCl3, 600 MHz, contains 




8.9.5 Synthesis of Copolymers and Light-induced Grafting 
Styrene (1 g, 10 mmol) and pentafluorostyrene (1.94 g, 10 mmol) were dissolved in 
dioxane (5 mL), followed by the addition of AIBN (0.2 mmol). The solution was 
purged with Ar gas for 15 min and heated at 65 ᵒC for 18 h. The solution was cooled 
to ambient temperature and precipitated three times into methanol to give product as 
white powder (yield 78%). 
 
SI Figure 95. Synthesis of the poly(styrene-co-pentafluorostyrene). 
 
 





SI Figure 97. 19F NMR spectrum of polymer P1 (CDCl3, 600 MHz). 
 
8.9.5.1 General Procedure for Polymer Grafting 
Copolymer P2 (200 mg) was dissolved in THF (10 mL). To this solution was added 
Thioxanthen-DBU and thiol compounds were added in excess. The solution was 
irradiated with blue light for 2 h under stirring and at ambient temperature. The 






SI Figure 98. 1H NMR spectrum (top) of polymer P2 (CDCl3, 600 MHz), 
19F NMR spectrum 





Copolymer P3. The polymer product was purified by first precipitation into 
MeOH/HCl mixture (v/v = 10/0.5), subsequent precipitation was carried out into pure 
methanol to give product as white powder (yield 93%). 
 
 
SI Figure 99. 1H NMR spectrum (top) of polymer P3 (CDCl3, 600 MHz), 
19F NMR spectrum 





Copolymer P4. The polymer product was purified by dialysis against MeOH using a 
diaslysis tubing with the MWCO of 3.5 kDa, followed by in vacuo solvent evaporation 
to give product as white powder (yield 95%).   
 
 
SI Figure 100. 1H NMR spectrum (top) of polymer P4 (DMSO-d6, 600 MHz). 
19F NMR 
spectrum (bottom) of ligated product P2 (CDCl3, 600 MHz).  
 
SI Table 12. Molar mass moments of the ligated products P1 – P4. 
 P1 P2 P3 P4 
Mn (103 g mol-1) 120.6  161.4 195.1 224.7 






SI Figure 101. SEC traces of P1 and mixture of P1, thioxanthone-DBU and n-dodecanthiol 
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